Geographic and species variation in bottlenose dolphin (Tursiops spp.) signature whistle types by Gridley, Teresa
3183;-945/ -70 <91/51< ?-;5-=587 57 .8==6178<1
0869457 !&'$%!"#% <99$" <537-=>;1 @45<=61 =A91<
=FQFRB 3QJELFX
- =IFRJR <TCMJSSFE GOQ SIF 0FHQFF OG 9I0
BS SIF
>NJUFQRJSX OG <S$ -NEQFVR
(&''
2TLL MFSBEBSB GOQ SIJR JSFM JR BUBJLBCLF JN
;FRFBQDI,<S-NEQFVR+2TLL=FWS
BS+
ISSP+%%QFRFBQDI#QFPORJSOQX$RS#BNEQFVR$BD$TK%
9LFBRF TRF SIJR JEFNSJGJFQ SO DJSF OQ LJNK SO SIJR JSFM+
ISSP+%%IEL$IBNELF$NFS%'&&()%'*'&
=IJR JSFM JR PQOSFDSFE CX OQJHJNBL DOPXQJHIS
 
 
 
Geographic and species variation in bottlenose 
dolphin (Tursiops spp.) signature whistle types 
 
 
 
By Teresa Gridley 
 
 
 
 
A thesis submitted as part of the requirements for the degree of 
Doctor of Philosophy (Biology) 
 
 
 
 
 
 
Submitted September 2010 
 
 
Supervisor: Dr V. M. Janik 
 
 
 
School of Biology,  
University of St Andrews 
 
 
 
 ii
 
 
 
 
 
Namibian bottlenose dolphin (Tursiops truncatus) 
 
With thanks to Dr Elwen for taking this picture, 
Dr Deacon for painting it, 
and both for being great company on the PhD journy... 
 iii
 
 
Thesis Abstract 
 
Geographic variation in the whistle vocalisations of dolphins has previously been reported. However, most 
studies have focused on the whole whistle repertoire, with little attempt to classify sounds into biologically 
relevant categories. Common bottlenose dolphins (Tursiops truncatus) use individually distinctive signature 
whistles which are thought to help maintain contact between conspecifics at sea. These whistles may show a 
different kind of variation between populations than non-signature whistles. Here I investigate signature 
whistle use and variation in the two recognised species of bottlenose dolphins (T. truncatus and T. aduncus) 
from populations inhabiting the coastal waters of the North America, Scotland, South Africa, Tanzania, 
Japan, Australia and New Zealand, and one captive colony. I identified likely signature whistles (signature 
whistles types, SWTs) from acoustic recordings by combining two novel techniques: automated contour 
categorisation in ARTwarp (Deecke and Janik, 2006) and a specific bout analysis based on the timing of 
signature whistle production in T. truncatus termed SIGID (Janik et al. in press). Three ways of categorising 
the contours were tested and between 87 and 111 SWTs were identified in total. Repeated emissions of 
stereotyped contours were apparent in the repertoire of all T. aduncus populations using both automated and 
human observer categorisation, providing good evidence for signature whistle use in this species. There was 
significant inter-specific variation in the frequency parameters, looping patterns and duration of SWTs. 
Inflection points, duration and measures of SWT complexity showed high variation within populations, 
suggesting inter- and intra-individual modification of these parameters, perhaps to enhance identity encoding 
or convey motivational information. Using 328 bases of the mtDNA control region, I found high levels of 
population differentiation (FST and φST) within the genus Tursiops. These data do not support a link between 
mtDNA population differentiation and variability in call type. Instead, morphological variations at the 
species level, and learned differences at the population level, better explain the variation found.  
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CHAPTER 1 
  
 
General introduction 
 
1.1 Introduction 
1.1.1. Variation in acoustic signals 
Variation of acoustic calls occurs at many levels. For the individual, identity information may be encoded in 
differences in voice features (Cheney and Seyfarth 1982) or call types (Scherrer and Wilkinson 1993), 
facilitating individual recognition (Bee and Gerhardt 2002). Genetically related or socially affiliated groups 
can share call repertoires, converge on similar call types or use vocalisations with similar acoustic properties, 
reducing individual variability within groups and heightening group distinctiveness (Boughman 1997, Yurk 
et al. 2002, Rendell and Whitehead 2003a, Crockford et al. 2004, Cortopassi and Bradbury 2006). Population 
level variation operates at differing spatial scales, from micro-geographic; between neighbouring populations 
where individuals have the potential to intermix, to macro-geographic; between geographically distinct areas 
where direct mixing is inhibited (Mundinger 1982a). Acoustic divergence may cause or reflect underlying 
patterns in genetic differentiation (Jones 1997) though this is not always the case (Wright and Wilkinson 
2001, Leader et al. 2008). At the taxonomic level, species typical call characteristics abound and species 
recognition may be facilitated by a common use of call types. However, convergence between species 
inhabiting similar areas has been documented and may reflect adaptation to local environmental conditions 
to facilitate long range transmission and minimise degradation ; the ‘acoustic adaptation hypothesis’ (Morton 
1975, Date and Lemon 1993). And finally, homology at the level of the Order, Sub-order or Family in the 
range of vocalisations produced and the method of production, underlines evolutionary relationships. In 
Odontocete (toothed) cetaceans, the best example of this is the ability to produce echolocation clicks for 
orientation and feeding (Morisaka and Connor 2007).  
 
1.1.2. Conveying identity  
Many long-lived species form stable associations, lasting years and even decades. Commonly associations 
are between parents and their offspring, kin, mating partners or social affiliates. In these instances, 
maintenance of associations may generate a selective pressure for individual recognition (Wanker et al. 
1998, Charrier et al. 2003, Kazial et al. 2008). In marine systems, options for transmitting identity 
information are limited as there is a reduced sense of olfaction and restricted visibility (Janik 2009). 
However, acoustic signals travel particularly well in this medium and most cetaceans (whales, dolphins and 
porpoises) are reliant on sound generation for orientation, foraging and social interactions. Thus it is the most 
likely channel in which to encode and transmit identity information.  
 
There is a strong link between social structure and the communication systems used in cetaceans (Tyack and 
Sayigh 1997).  For example, killer whales (Orcinus orca) occur in stable groups and each pod uses a group 
specific repertoire which may act to enhance the efficiency of vocal communication within the group and 
1
 indicate pod affiliation (Ford 1991). Conversely, bottlenose dolphins live in a fluid fission-fusion society 
(Connor 2007) where individuals form temporary groups which frequently fuse into larger parties and split 
into smaller ones (Smolker et al. 1992 and references therein, Connor et al. 2000). Nevertheless, throughout 
their life, individual–specific social relationships are important (Tyack and Sayigh 1997) and stable 
associations form (Connor et al. 2000, Grellier et al. 2003, Lusseau et al. 2003, Lusseau et al. 2006, Moller et 
al. 2006). Therefore, maintaining relationships within a constantly changing social environment (Smolker et 
al. 1992) is likely to require individual recognition (Sayigh et al. 1999).  
 
Most animal vocalisations carry some individual features (Aubin and Jouventin 1998, Lengagne et al. 2000, 
Bayly and Evans 2003, Charrier et al. 2003, Mathevon et al. 2003). Identity encoding may be achieved 
through systematic variation on a single acoustic feature  (Boughman and Moss 2003) or through multiple 
parameters  (Searby and Jouventin 2005), the latter scenario potentially resulting in a more efficient system. 
For example, in the rockhopper penguin (Eudyptes chryscome), double identity encoding is generated by the 
tempo given by successive syllables of the call and the harmonic content of the call, and alteration of one 
does not prevent recognition (Searby and Jouventin 2005). Identity information can also be encoded in the 
sequence of call production, which may be less adversely affected by signal degradation than acoustic 
characteristics. This may be advantageous for transmitting identity in solitary species such as the leopard seal 
(Hydrurga leptonyx), where the occurrence and sequence of call components is likely to be more salient in 
individual discrimination than subtle differences in frequency parameters (Rogers and Cato 2002). There is 
good evidence to demonstrate that bottlenose dolphins (Tursiops truncatus) use vocal production learning 
(reviewed in Janik and Slater 1997) and that identity information in T. truncatus is encoded in the distinct 
frequency contour of learnt stereotyped signature whistles (Janik et al. 2006) (Figure 1.1).  
 
1.1.3. Acoustic communication in dolphins 
Odontocete vocalisations can be classified into 3 acoustic categories; a) generally broad-spectrum clicks, b) 
burst-pulse sounds also composed of clicks and c) whistles (Popper 1980). Brief, broad band clicks are used 
for echolocation (Au et al. 1982) and primarily function in orientation and foraging. Burst pulsed sounds 
consist of click trains with very short inter-click intervals, making them appear almost tonal to the human ear 
(Watkins 1967). Whistles are frequency-modulated, narrowband sounds which tend to lie between 1 and 24 
kHz (Caldwell et al. 1990). They are generally accepted as part of the dolphin communication system; 
however the nature of the information communicated has been much debated (Caldwell et al. 1990). Whistle 
duration may vary from less than a second to several seconds (Herman and Tavolga 1980). They are intense 
signals, up to ~169 dB re. 1µPa in free-ranging bottlenose dolphins, and propagate far in the marine 
environment (Janik 2000a). The active space of an un-modulated whistle with a mean frequency of 8 kHz is 
estimated at around 20 km in calm, shallow waters (less than 10 m deep, sea state Beaufort 0) (Janik 2000a) 
and under the correct conditions communication using higher frequency components (13-19kHz) may be 
possible at these distances (Quintana-Rizzo et al. 2006) .  
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 The source of sound generation in odontocetes is thought to be contained within the structural complexes 
associated with the upper nasal passage, termed the monkey lips (phonic lips)/dorsal bursae membrane 
(MLDB) complex (Cranford et al. 1996, Cranford et al. 2000). All nonphyseterid odontocetes (i.e. all toothed 
cetaceans other that sperm whales) have two MLDB complexes, one associated with each of two nasal 
passages (Cranford et al. 2000). In dolphins, the melon (composed of ‘acoustic fat’) rests on a dense 
connective tissue pad above the bony rostrum of the skull, forward from the superior nasal passages and 
MLDB (Cranford et al. 1996). The melon has a sound velocity similar to sea water, coupling acoustic energy 
from the source of production to the marine environment (Tyack and Miller 2002). It is likely that both 
whistles and clicks originate from the same location (Cranford et al. 2000) and that the transmission path into 
the surrounding environment might be similar (Lammers and Au 2003). 
 
Early research of whistle communication in dolphins looked for syntactical organisation and functional uses 
to support hypotheses of language (Dreher 1961, Tietz and Tayler 1964). However there was little 
congruence with these (Caldwell and Caldwell 1968) and focus shifted onto whether or not dolphins share a 
large repertoire of stereotyped whistle contours (Dreher and Evans 1964, Lang and Smith 1965, McCowan 
1995, McCowan and Reiss 1995a) or produce individually distinctive signature whistles (Caldwell and 
Caldwell 1968, Caldwell et al. 1990). Although this debate continues (see McCowan and Reiss 2001), a 
growing body of evidence supports the concept that common bottlenose dolphins (Tursiops truncatus) 
produce individually distinctive whistles which are stereotyped, convey identity information and are 
important units of their communication repertoire (Janik and Slater 1998, Cook et al. 2004, Watwood et al. 
2005). Signature whistle use in common bottlenose dolphins (Tursiops truncatus) demonstrates the best 
example of a designed individual signature in non-human animals (Sayigh et al. 2007). 
 
1.1.4. Bottlenose dolphin signature whistles 
Defining what constitutes a signature whistle is fundamental for their study. However, this is problematic, in 
part because they have been defined as a combination of a functional category (i.e. whistles used to broadcast 
individual identity) and a linked structural category (whistles which are stereotyped with higher inter- than 
intra-individual variation) (Watwood et al. 2005). In the majority of studies, the whistle most frequently 
emitted during isolation has been classified as the animal’s signature whistle (Caldwell et al. 1990, Sayigh et 
al. 1990, Watwood et al. 2005, Esch et al. 2009b). Recently, Janik et al. (in press) suggest expanding this 
criteria to include highly similar contours which occur in repeated sequences separated by 1-10 seconds. 
Distinctive signature whistles have been identified from 143 captive bottlenose dolphins, from over 14 
research groups as well as in at least 70 wild bottlenose dolphins (reviewed in Sayigh et al. 2007). 
 
Identity information is encoded in the unique frequency modulation pattern of  signature whistles (Janik et al. 
2006) and perceptual tests have demonstrated that dolphins can recognise and categorise signature whistles 
by producer based on the overall frequency, without additional voice cues (Janik et al. 2006, Harley 2008).  
Common bottlenose dolphins signature whistles tend to range between 5 and 20 kHz in frequency and last on 
3
 the order of 1 second (Sayigh et al. 1990), however they can reach 27.3 kHz in frequency (Esch et al. 2009b). 
Studies of signature whistles usually focus on the fundamental frequency of the whistle contour and ignore 
harmonics and side bands (e.g. Sayigh et al. 1990, Esch et al. 2009b). The repetitive elements of a signature 
whistle are termed ‘loops’, which can have relatively constant intervals between them with no detectable 
sound (Figure 1.1, B ii and iii). Here the dolphin repeats both a section of whistle and an interval of silence 
(Caldwell et al. 1990). Whistles are distinguished from loops by the more consistent timing of silent intervals 
between loops (Caldwell et al. 1990) and the larger and more variable spacing between whistles (Watwood et 
al. 2004, Esch et al. 2009b). In addition, variations sometime apparent in the first and last loops of a whistle, 
termed introductory (Figure 1.1, B iii) and terminal loops, help to discriminate between one multi-loop 
whistle and several whistles of fewer loops (Caldwell et al. 1990). Dolphins may vary the number of loops 
per signature whistle, and in cases where the introductory and terminal loops differ from the central ones; it 
is generally the number of central loops which is varied (Sayigh et al. 1990).  
 
Like several species of birds (Kroodsma et al. 1982, Clement et al. 2000), bats (Boughman 1997) and 
humans, bottlenose dolphins (Tursiops truncatus) exhibit vocal production learning (Richards et al. 1984, 
Miksis et al. 2002) which is likely to play a key role in their communication systems and social relationships. 
Stereotyped, frequency modulated whistles are usually established within the first year of life, although there 
are individual differences in the timing of development (Caldwell and Caldwell 1979). Males and females 
may develop signature whistles differently, with sons developing whistles more similar to their mothers than 
daughters do, providing good evidence against maternal inheritance of call type (Sayigh et al. 1990). 
Although the acoustic environment can influence signature whistle development (Tyack and Sayigh 1997, 
Miksis et al. 2002, Fripp et al. 2005), once developed, signature whistles usually remain stable over time 
periods spanning decades (Caldwell et al. 1990, Sayigh et al. 1990).  However in males, alliance formation 
may be associated with a concurrent change in vocal signals. Smolker and Pepper (1999) demonstrated that 
the repertoire of each male in an alliance trio became less variable and more similar to that of the other males 
during alliance development. Similar findings have been made in Florida (USA) where males in strongly 
bonded pairs produce similar, but still individually distinct whistles (Watwood et al. 2004). Smolker and 
Pepper (1999) hypothesised that an ‘alliance signature’ might develop, functioning to identify the caller as 
part of a particular alliance. These findings demonstrate the potential for adult dolphins to alter whistle 
production as a consequence of changing social relationships (Smolker and Pepper 1999), demonstrating the 
capacity for signal modification throughout life. Whilst not contradicting the signature whistle hypothesis, 
signature whistle modification suggests a more complex function for whistles than previously realised.  
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Figure 1.1. Examples known signature whistles from Florida bottlenose dolphins (T. truncatus) identified 
through recordings made in isolation contexts. A= Single element signature whistle, B = Multi-looped 
signature whistles,  i = Connected multi-loop,  ii &iii = Disconnected multi-loops.  
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 Throughout adulthood bottlenose dolphins are adept at mimicry, and can accurately reproduce both synthetic 
(Caldwell and Caldwell 1972, Richards et al. 1984, Reiss and McCowan 1993) and biological  (Tyack 1986, 
Janik 2000b) sounds. Richards et al. (1984) showed that mimicry was possible on the first attempt and that 
dolphins are capable of acoustic labelling of inanimate objects. Tyack (1986) suggests that dolphins in a 
natural setting might mimic each others’ signature whistles as a form of labelling within the social group. In 
the wild, whistle matching interactions have been identified, indicating that dolphins can use each others’ 
signature whistles to address one another (Janik 2000b).  
 
Non-signature whistles are often referred to as variant whistles (Tyack and Sayigh 1997). On occasion these 
may also be repeated in structure and produced in temporally patterned sequences (Janik et al. in press). The 
function of these variant whistles is not well understood, though they are more likely than signature whistles 
to be shared amongst individuals (Janik and Slater 1998, Watwood et al. 2005).  Depending on how they are 
defined, short narrow band frequency modulated calls termed chirps  (synonym;  squeal/squeak/whistle-
squawk) may also fall into this category (Caldwell and Caldwell 1968, Boisseau 2005). Non-signature or 
variant whistles are produced alongside signature whistles, in proportions which differ according to context 
(Janik et al. 1994, Janik and Slater 1998, Cook et al. 2004). It is possible that a proportion of the variant calls 
in repertoires are produced by infants developing their stereotyped whistles (Janik et al. in press). 
 
Signature whistles are used in a range of behavioural contexts (Janik et al. 1994, Tyack and Miller 2002, 
Cook et al. 2004), being produced most frequently in isolation, but also regularly during social and milling 
(i.e. non-directional movement; frequent changes in direction) behaviours (Cook et al. 2004). Changes in the 
production and frequency of signature whistles may indicate stress or other motivational cues (Esch et al. 
2009b). However, the overall structure maintains the same in varying contexts and their functions can be 
multi-purpose and context-specific; potentially being used to remain in contact at sea, transmit identity 
information (Sayigh et al. 1999, Janik et al. 2006) and in referential communication (Janik et al. 2006). There 
is evidence that directionality increases with whistle frequency, and harmonic components might thus 
provide directional cues to help co-ordinate movement within groups (Lammers and Au 2003). 
 
Signature whistle development is influenced by vocal production learning, whereby ‘vocalizations are 
modified in form as a result of experience with those of other individuals’ (Janik and Slater 1997),  yielding 
signals that are highly distinctive between individuals. However, signal variation is frequently multi-faceted 
and likewise the processes underlying differentiation might not be explained by one unifying factor. 
Investigating variation in signature whistle usage, production and structure at the species and population 
level can help shed light on the processes controlling these call types and may provide useful insight into the 
evolution of individual calls in both marine and terrestrial vocal communication systems.  
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 1.1.5. The bottlenose dolphin: Tursiops spp.  
The bottlenose dolphin (Tursiops spp.) is one of the best studied of all the Cetacea. However, there remains 
continued debate surrounding the number of Tursiops species recognised and the phylogenetic relationships 
between populations from which we have genetic information.  In the past as many as 20 different Tursiops 
species have been identified (Hershkovitz 1966 cited in Natoli et al. 2004). In 1990, Ross and Cockcroft  re-
assessed the Tursiops genus and recognised only Tursiops truncatus. More recently, genetic techniques in 
concert with convincing morphological and osteological data, has helped to elucidate variation in the genus 
at the species and population level (Wang et al. 1999, Parsons et al. 2002, Natoli et al. 2004, Natoli et al. 
2005, Sellas et al. 2005, Bilgmann et al. 2007, Querouil et al. 2007, Tezanos-Pinto et al. 2009, Särnblad et al. 
2011). At least two species of bottlenose dolphin, T. truncatus and T. aduncus, are now widely accepted 
(Rice 1998, Wang et al. 1998). However, there is mounting evidence that these are not monophyletic (LeDuc 
et al. 1999, Yang et al. 2005, Charlton et al. 2006). Such taxonomic confusion within the genus Tursiops has 
led to inconsistencies and potentially miss-classifications in the literature, as for several years T. aduncus 
was not officially recognized. Consequently, relative to T. truncatus, there is a general paucity of definitive 
information on T. aduncus, including a lack of information on the vocal behaviour of this species.  
 
Morphologically there are notable distinctions between T. truncatus and T. aduncus.  There is little or no 
overlap in the average body and skull length distributions, with T. truncatus being the larger of the two 
species (Hale et al. 2000, Kurihara and Oda 2007). However, there is plasticity in these measures which is, at 
least for T. truncatus, correlated to variations in sea surface temperate (Ross and Cockcroft 1990, Hale et al. 
2000). Although sexual dimorphism in body length is apparent in some populations of T. truncatus, it is not 
clearly apparent in skull measurements (Tolly et al. 1995), suggesting that the two measurements are not 
always causally linked. Both species are feeing generalists and can adapt their choice of prey species to a 
range of locally abundant resources (Ross 1977, Santos et al. 2001, Gannon and Waples 2004, Amir et al. 
2005a).  
 
The distribution of T. truncatus and T. aduncus is shown in Figure 1.2.  There are few locations where the 
species are truly sympatric in distribution, China being the most notable of these (Wang et al. 1999, 2000). 
In other regions, such as Southern and East Africa (Findlay et al. 1992, Amir et al. 2005b) and East Australia 
(Hale et al. 2000) T. truncatus and T. aduncus exhibit an offshore-inshore separation which may be reflected 
in niche separation.    
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Figure 1.2.  Image and worldwide distribution of Tursiops truncatus (left) and Tursiops aduncus (right).  
Images are a T. truncatus from Scotland West Coast and  a T. aduncus from North Zanzibar, photo credit T. 
Gridley. Maps from: IUCN Red List of Threatened Species (Hammond et al. 2008b, Hammond et al. 2008a) 
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 1.2. Thesis overview  
This thesis aims to identify likely signature whistles (signature whistle types, SWTs) from geographically 
separate populations of bottlenose dolphins (Tursiops spp.) and investigate variation at the population and 
species level. The regions investigated are Tursiops truncatus: USA: Florida (FL), UK: Scotland West Coast 
(SW) and Scotland East Coast (SE), New Zealand: Doubtful Sound (DS) and Dolfinarium Harderwijk (HW) 
in the Netherlands.  Tursiops aduncus populations include: South Africa: Plettenberg Bay (PB), Tanzania: 
Zanzibar South (ZS) and Zanzibar North (ZN), Japan: Mikura (MK) and Australia: Jervis Bay (JB). A 
behavioural approach to signature whistle type identification (SIGID, Janik et al. in press) is applied 
throughout the thesis. This uses a specific bout analysis based on the production of signature whistles in T. 
truncatus to identify likely signature whistles in datasets of contours grouped by visual or automatic 
categorisation.  
 
I begin this thesis (Chapter 2) by automatically categorising the extracted frequency contour of dolphin 
whistle vocalisations using ARTwarp (Deecke and Janik, 2006). I then identify potential signature whistles, 
termed ‘signature whistle types’ or   ‘SWT’, in the recordings of freely interacting bottlenose dolphins using 
a sequential bout analysis in accordance with the SIGID method. These whistles are stereotyped and 
repeatedly emitted, comparable to signature whistles produced in temporarily isolated and freely interacting  
populations of bottlenose dolphins where the signature whistle repertoires are known. In Chapter 3, I use 
visual and automated categorisation methods to demonstrate stereotyped whistles in the repertoires of 5 
populations of Indo-Pacific bottlenose dolphins, T. aduncus, providing evidence of signature whistle use in 
this species.  Chapter 4 investigates the temporal patterning of vocal production in bottlenose dolphins, in 
particular looking at geographic variation in the inter-contour intervals, i.e. the period of silence between 
successive contours of the same frequency modulation pattern (or type) and contour durations. Differences in 
the use of single element, connected or disconnected multi-looped signature whistles types are also 
investigated.  
 
Until recently, only one species of bottlenose dolphin: Tursiops truncatus was recognised (Ross & 
Cockcroft, 1990). Whilst at least 2 species are now accepted (Rice, 1998, Wang et al., 1999), there are high 
levels of population differentiation within each and continued taxonomic confusion in the genus Tursiops 
warrants further investigation. Chapter 5 reviews the genetic data available for each research population and 
presents newly sequenced mtDNA data from Plettenberg Bay (South Africa). An investigation of the 
population differentiation in mtDNA is conducted for the nine wild study populations from which signature 
whistle types were identified (Chapters 2-4). Chapter 6 investigates population and species variation in 
signature whistle types, using different measures of variability, such as the frequency components, 
complexity and diversity of signature whistle types. The possible causes of this variation are investigated and 
discussed in Chapter 7 by correlating differences in genetic, geographic, morphological and population 
dynamics with variation in the signature whistle types from nine populations. I conclude by summing up this 
research and making suggestions for future research avenues in Chapter 8.
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_______________________________________________________________________________________
CHAPTER 2 
  
 
Signature whistle type identification in 10 bottlenose dolphin populations 
_______________________________________________________________________________________ 
 
Abstract 
 
Signature whistles are functionally important call types, prominent in the repertoire of common bottlenose 
dolphins (Tursiops truncatus). However, identifying them in free ranging animals is problematic. 
Consequently, most information on signature whistles originates from captive or temporarily restrained 
individuals. Here I used novel techniques to identify potential signature whistles from 10 populations of 
bottlenose dolphins (T. truncatus and T. aduncus).  
 
Acoustic data were collected from nine free ranging and one captive colony of bottlenose dolphins. The 
fundamental frequency contour of calls was extracted and automatically categorised into groups of similar 
contour modulation using ARTwarp (Deecke and Janik, 2006). Trials with whole population datasets were 
conducted to determine whether the contour to category ratio was consistent over varying levels of 
categorisation stringency (90 – 98 %), termed vigilance parameter (VP). I then used a bout analysis, based on 
the timing of signature whistle production in T. truncatus, to identify likely signature whistles (signature 
whistle types, SWTs) in the categorised datasets. This method of combining contour categorisation with a 
specific bout analysis to identify likely signature whistles is termed SIGID (Janik et al. in press). I 
investigated the discovery of signature whistle types using SIGID with contours presented for categorisation 
recording section by section (SS) compared to the whole repertoire (ALL) and categorised using VPs of 91 
and 96 %.  
 
The results demonstrated a similar pattern of contour to category ratios between populations categorised with 
different levels of vigilance. Within each population, the 3 ways of grouping the data (91 SS, 91 ALL and 96 
ALL) showed agreement in the curve of cumulative SWT discovery and number of SWTs present. However, 
there was inter-population variation in these measures. Depending on the method used, between 87 and 111 
signature whistle types were identified. Overall, there were high levels of consistency in the methods 
investigated for identifying signature whistle types, adding confidence to comparisons made using either the 
91 SS or the 96 ALL methods.  I evaluate the methods described and discuss some practical implications 
associated with signature whistle type identification, using examples where appropriate. 
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 2.1. Introduction 
2.1.1. Identifying signature whistles in bottlenose dolphin repertoires 
Common bottlenose dolphins produce individually distinctive and stereotyped signature whistles (Caldwell 
and Caldwell 1968, Caldwell et al. 1990). These are ‘as dissimilar between individuals as are different non-
signature whistles in an individual’s repertoire’ (Janik and Slater 1998).  Determining whistle types which 
are predominantly produced by one animal is fundamental for signature whistle identification (Caldwell et al. 
1990, Sayigh et al. 1990, Janik and Slater 1998, Watwood et al. 2005, Esch et al. 2009b).  In isolated or 
temporarily restrained animals, signature whistles are highly stereotyped and easy to classify (Caldwell et al. 
1990, Janik and Slater 1998, Watwood et al. 2005), and are commonly defined as the whistle most frequency 
produced in this context. Visual and automated methods of contour comparison have both been used to 
demonstrate matches in the whistles produced by animals whilst freely-interacting to those produced by the 
same individuals whilst in isolation (Cook et al. 2004, Watwood et al. 2005, Janik et al. in press). Such 
comparisons represent a reliable way to identify signature whistles in recordings of freely interacting animals 
but is only possible when signature whistle repertoires are known. Reliable identification of signature 
whistles from wild populations without temporary isolation is more challenging.   
 
Often there are no physical cues to indicate whistle production (Fripp 2005), and localising calls to 
individuals in densely interacting groups is not possible (Quick et al. 2008). In captive or habituated 
populations, observation of blowhole movement, bubble stream emissions simultaneous to whistle 
occurrence and localisation by ear  (McCowan 1995, McCowan and Reiss 1995a, Smolker and Pepper 1999, 
Miksis et al. 2002) have been used to determine which animal is vocalising at any point. However, these 
methods are of limited use for most wild populations and may be methodologically flawed (Fripp 2005).  
Digital acoustic tags (Johnson and Tyack 2003) can demonstrate possible signature vocalisations (Shapiro 
2006). However, there are logistical, financial and ethical considerations involved in attaching tags to 
multiple individuals and at present, they are not a viable option for large scale comparative studies of 
individually produced vocal signals.  Signature whistles often occur in repeated sequences (Caldwell et al. 
1990, Janik and Slater 1998). Combining bio-acoustic categorisation with a bout analysis (SIGID, Janik et al. 
in press) can therefore be used to identify signature whistles from acoustic recordings,  enabling 
investigations of signature whistles in free ranging animals.   
 
2.1.2. Categorisation of bio-acoustic signals 
In the study of vocal communication, describing and quantifying the similarity of acoustic signals is 
problematic and both statistical and perceptual measures have been used to address this issue (Deecke et al. 
1999). Categorisation involves dividing the patterns that make up the acoustic repertoire of an individual or 
group, while classification is the process of assigning sound patterns to predefined categories (Deecke and 
Janik 2006). Where communication systems rely on group- or individual-specific call types, as killer whale 
matrilines (e.g. Yurk et al. 2002) or bottlenose dolphins signature whistles (Caldwell et al. 1990), a system of 
stereotyped call identification and categorization is routinely applied.  
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Qualitative measures of whistle similarity have been used in signature whistle analysis (e.g. Caldwell and 
Caldwell 1965, Tyack 1986, Caldwell et al. 1990, Sayigh et al. 1990, Janik and Slater 1998, Janik 2000b, 
Watwood et al. 2004, de Figueiredo and Simao 2009) whereby human observers sort sound patterns into 
categories according to their perceived similarity using natural pattern recognition skills. They decide which 
features are important in defining categories and how these features should be weighted (Janik 1999, Deecke 
and Janik 2006). Although widely used and stringently verified as a reliable method for identification of 
signature whistles (Janik 1999, Sayigh et al. 2007), the human observer methods have received criticism 
(McCowan 1995, McCowan and Reiss 2001) and statistical methods of categorisation have been developed 
and refined.  
 
Comparative studies have used spectrographic cross-correlation (Bradbury et al. 2001, Couldridge and van 
Staaden 2004, Boisseau 2005) to assess call similarity and both artificial neural networks (Deecke et al. 
1999, Nousek et al. 2006) and modelling approaches (Datta 2002) have been used in categorisation of 
odontocete vocalisations. The ‘contour similarity’ method, developed by McCowan (1995), (later adapted in 
McCowan and Reiss 2001) has been advocated for categorisation of dolphin whistles. This method is based 
on taking a set number of points from the contour (initially 20 (1995), increased to 60 (2001)) and subjecting 
these variables to a Principal Component Analysis (PCA) using a correlation matrix. Factors with 
Eigenvalues >1 are used in a k-means cluster analysis to group whistles based on contour similarity. 
However, this method repeatedly fails to identify externally validated, behaviourally relevant groupings in 
the repertoires of bottlenose dolphins and is not considered a reliable method for investigating bottlenose 
dolphin signature whistles (Janik 1999, Sayigh et al. 2007).   
 
Perceptual tests have demonstrated that dolphins can recognise and categorise signature whistles by producer 
based on the overall frequency, without additional voice cues (Janik et al. 2006, Harley 2008). Therefore, 
categorisation based on the frequency contour is biologically justified. Deecke and Janik (2006) argue that 
failure to consider two fundamental features of acoustic perception when measuring the similarity of sound 
patterns may go some way to explaining the poor performance of previous methods of contour 
categorisation. These are flexibility in the time domain and the exponential perception of sound frequency, 
i.e. that acoustic features with higher fundamental frequencies can exhibit greater absolute frequency 
variation before they are perceived as different compared to those with lower fundamental frequencies 
(Deecke and Janik 2006). The dynamic time warping approach presented by Buck and Tyack (1993) for use 
with dolphin signature whistles incorporates a ‘time warping’ algorithm to align the features of the two 
contours under comparison. This approach was further developed by Deecke and Janik (2006) who 
developed the programme ARTwarp for categorisation of bioacoustic signals by using dynamic time warping 
and expressing similarity of contours as a relative not absolute measure.  
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 2.1.3. Automatic categorisation of bioacoustic signals in ARTwarp 
The programme ARTwarp combines dynamic time warping and an adaptive resonance theory ART2 neural 
network to categorise extracted contours generated from a range of bioacoustic sounds, including dolphin 
whistles. It can sort sounds into biologically meaningful categories in a data set of bottlenose dolphin 
whistles.  It performs better than any of the computer-based methods previously analysed by Janik (1999) 
and has a comparable performance to human observers in identifying signature whistle categories. The 
ARTwarp system has the potential to reduce the processing time necessary for signature whistle analysis and 
is particularly amenable for large data sets and analysis involving comparisons of acoustic repertoires 
(Deecke and Janik 2006). 
 
There are two key parameters which can be adjusted to fine tune the categorisation process: these are the 
vigilance parameter (hereafter VP) and the warping function. The vigilance parameter is the level of critical 
similarity which a contour must match with the reference contour to be classified in this category (Deecke 
and Janik 2006).  Previous studies have discussed the optimum VP to use and values between 91% and 96% 
are thought appropriate for identification of bottlenose dolphin signature whistles (Deecke and Janik 2006, 
Quick 2006, Janik et al. in press). If the input contour does not match any of the reference contours by an 
amount greater than the critical similarity (VP) then it becomes a reference contour for a new category.  
 
During the process of categorisation in ARTwarp, the reference contour becomes an amalgamation of the 
contours within the category it represents because with each contour that is added to the category, the 
reference contour undergoes three key modifications, as described in Deecke and Janik (2006). Firstly, the 
frequency content of the reference contour is made more similar to the time-warped frequency contour by 
adding a user defined proportion (10% in this case) of the difference between the reference contour and the 
time-warped input contour. Secondly, the relative lengths of different components of the reference contour 
are modified to be more similar to the input contour by applying a warping function which stretches or 
compresses the time axis by a proportion (10%) of the inverse of the original warping function generated 
when the reference and input contour are compared. And thirdly, the duration of the reference contour is 
made more similar to the current input contour.  
 
2.1.4. Bout analysis to identify signature whistles (SIGID) 
Behavioural events often occur in bouts which are not randomly distributed in time (Slater and Lester 1982, 
Cheney et al. 1996, Rogers and Cato 2002, Fripp 2005, Samarra et al. 2010). Understanding the temporal 
patterning of contour production can provide insights into the function of signals and in bottlenose dolphins 
can be used to help identify likely signature whistles, including those with component disconnected multi-
loops (Janik et al. in press). Janik et al. (in press) found that if whistles of the same type occur primarily 
within 1-10 s of each other, that they were likely to be signature whistles. Similar contours produced within 
0-0.25 s are likely to be associated with the previous, so-called disconnected loops (Esch et al. 2009b).    
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 A novel method using bout analysis has been developed which can reliably identity signature whistles from 
single-hydrophone recordings of bottlenose dolphins (T. truncatus) (Janik et al. in press). This method uses 
the timing of production of contours which have been categorised together (either through automated or 
visual categorisation) to identify likely signature whistles. If a high proportion (>75 %) of whistles 
categorised together occur with an inter-whistle-interval of 1-10 s, it is likely that they are signature whistles. 
Janik et al. (in press) use the term SIGID (SIGnature IDentification) to describe their method of signature 
whistle identification which combines contour categorisation with a specific bout analysis based on the 
production of signature whistles in T. truncatus.  
The SIGID method was developed and tested on signature whistles from both captive and wild T. truncatus. 
As described in Janik et al. (in press), the signature whistles of animals used in wild trials were known from 
recording the same animals in isolation during previous capture events. Seven of these animals produced 
their signature whistle 4 times or more during focal group follows and the temporal pattern of signature 
whistle delivery could be examined to identify thresholds for signature whistle identification from freely 
interacting animals. The signature whistles of 4 out of 7 animals (from 6/11 recordings) were identified 
following contour categorisation in ARTwarp and a bout analysis using the 75% threshold. In trials with 
captive data using the same thresholds with visually categorised contours, 3 out of 4 signature whistles were 
identified from 5 recordings. These thresholds are conservative and not all signature whistles were identified 
in either case. However, Janik et al. (in press) are confident that those which were identified are not false 
positives.  
Janik et al. (in press) tested a sequential bout analysis with the visually categorised data of captive animals, 
monitoring how the number of whistles within 1-10 seconds changed as the recording was being analysed. 
As might be expected, the percentage of whistles in a category that had at least one other whistle of the same 
type occurring within 1-10 s of themselves changed over recording time,  going up and down throughout the 
recording session. In their sequential analysis of recording session, Janik et al. (in press) found that any 
whistle type that had at least 4 whistles in it and in which the percentage of whistles with at least one other 
whistle of the same type within 1-10 s was even just once above 75%, was a signature whistle. This is likely 
to be a more efficient way of analysing recordings from freely interacting animals in the wild and by 
applying a sequential bout analysis, a greater number of signature whistles can be identified (Janik et al. in 
press).  
Here I apply a method based on the sequential application of SIGID to identify likely signature whistles 
(signature whistle types, SWTs) in recordings categorised by ARTwarp. This method has implications not 
only for behavioural studies such as this, but can also be used to generate estimates of signature whistle 
recaptures. Thus it represents a potentially useful tool for estimating distribution and habitat use at the  
individual level and offers a potential alternative to traditional mark-recapture techniques currently based on 
photo-identification (Wursig and Wursig 1977, Janik et al. in press). 
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 2.1.5. Objectives 
The objectives of this chapter are to describe and evaluate a method of automatic categorisation and 
signature whistle type identification in recordings made from freely interacting bottlenose dolphin 
populations. These methods will be referred to throughout the remaining chapters of this thesis. More 
specifically I will:  
1) Describe the method of contour identification, contour extraction and automated categorisation in 
ARTwarp.  
2) Investigate the contour : category ratio of contours categorised in ARTwarp at varying vigilance 
parameters.   
3) Combine automatic contour categorisation in ARTwarp with bout analysis (SIGID) to identify potential 
signature whistles in recordings of freely interacting bottlenose dolphins. Investigate how the level of VP and 
method of contour presentation to ARTwarp influences the number of signature whistle types identified from 
each population. 
4) Investigate the discovery rate of signature whistle types per recording section analysed.  
5) Evaluate the methods described and provide some recommendations for future applications.  
2.2. Methods 
2.2.1. Acoustic data collection  
Acoustic recordings of bottlenose dolphins were collected from 9 wild, free ranging populations and one 
captive colony (Figure 2.1). In most cases with wild dolphins, acoustic data were collected during encounters 
involving focal group follows (Altmann 1974), however there were subtle variations in the group definitions 
and recording protocols used between regions. Therefore, in the context of this thesis, the term encounter is 
applied broadly to define instances where groups of dolphins were recorded. Data were collected during a 
variety of behavioural contexts including (but not limited to) feeding, resting, socialising, milling and 
travelling, from a range of group sizes and compositions. Supplementary recordings of known signature 
whistles (hereafter KSW) produced by individuals in an isolation context were included for Harderwijk and 
Florida to enhance the sample sizes of signature whistles from these regions. These were chosen randomly 
from the pool of KSW available.  For the Scottish East Coast, stereotyped whistles produced during acoustic 
exchanges (hereafter EX) (Quick 2006) were also included.   
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 Figure 2.1. Locations of study populations from which acoustic data were collected.  Tursiops truncatus 
populations (shown underlined) include: USA: Florida (FL), UK: Scotland West Coast (SW) and Scotland 
East Coast (SE), New Zealand: Doubtful Sound (DS) and Dolfinarium Harderwijk (HW) in the Netherlands.  
Tursiops aduncus populations include: South Africa:  Plettenberg Bay (PB), Tanzania: Zanzibar South (ZS) 
and Zanzibar North (ZN), Japan: Mikura (MK) and Australia: Jervis Bay (JB).   
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 Table 2.1. Summary details of acoustic data collection from 10 populations of bottlenose dolphins (Tursiops spp.) . 
Population & recording  
year(s) 
Array type & depth (m) Hydrophone model Recording medium Frequency bandwidth  Reference 
Harderwijk (HW) 
2006 
Stationary  
(1-2 m) 
HTI-96-MIN 
 
Ultra sound gate 416 
ADD converter to PC  
2 Hz to 25 kHz (± 1dB)  This study 
Florida (FL) 
1989, 1990, 1994,1995 
Towed  
(2-3 m) 
Purpose built hydrophone 
array 
Panasonic AG-6400 hi-
fi VCR 
20 Hz to ca. 20 kHz  Tyack  (1985) 
Sayigh et al. (1993) 
Cook et al. (2004) 
Scotland West Coast (SW) 
a) Barra  
2008 & 2009 
b) Inner Hebrides  
2008 
 
 
a) Towed from boat  
(1.5 m) 
b) Towed from boat  
(20 m) 
 
a) HTI-96-MIN 
 
b) Purpose built 
hydrophone array incl. 2 
Benthos AQ-4 elements 
with Magrec HP-02 pre-
amplifiers 
 
a) Edirol UA-25 sound 
card to PC 
b) Marantz PMD671 
 
a) 2 Hz to 30 kHz  (± 1dB) 
 
b) 100 Hz to 48 kHz  
 
 
This study 
 
This study 
Scottish East Coast (SE) 
a) Kessock Channel  
1994 & 1995 
b) St Andrews Bay  
2003 & 2004 
 
a) Stationary from land 
(1-5 m) 
b) Towed from boat  
(1.5 m)  
 
a) High Tech SSQ94 
 
b) HTI-96-MIN  
 
a) Fostex 380S 
multitrack tape recorder  
b) Alesis ADAT 
HD24 digital recorder 
 
a) 50 Hz  to 18 kHz  (±  3 
dB) 
 
b) 2 Hz to 24 kHz (± 1dB) 
 
Janik (2000b)  
 
Quick & Janik (2008) 
Quick et al. (2008) 
Doubtful Sound (DS) 
2000, 2001, 2003 
Stationary from boat  
(10 m)  
Sonatech 8178 
 
Sony TCD D8 DAT 10 Hz to 22 kHz  (± 1 dB) Boisseau et al. (2005) 
Plettenberg Bay (PB) 
2009 
a) Towed from boat  
(2 m) 
b) Stationary from boat  
(2.5 m) 
a) HTI-96-MIN 
 
b) Magrec HP/30 General 
Purpose  
a) Edirol UA-25 sound 
card to PC 
b) Edirol R1 
a) 2 Hz to 30 kHz ( ± 1dB) 
 
b) 200 Hz to 20 kHz  
This study 
Zanzibar South (ZS) 
2008 
Stationary from boat  
(6 m) 
HTI-96-MIN Edirol UA-25 sound 
card to PC  
2 Hz to 30 kHz (± 1dB) This study 
Zanzibar North (ZN) 
2008 
Stationary from boat  
(6 m) 
HTI-96-MIN Edirol UA-25 sound 
card to PC 
2 Hz to 30 kHz (± 1dB) This study 
Mikura (MK) 
2000 
Snorkeler with modified 
underwater video recording 
system 
Purpose built hydrophone  
connected to SONY video 
audio input 
Adapted Sony DCR-
TRV900 camcorder in 
underwater housing 
1 to 20 kHz (flat) Dudzinski et al. (1995) 
Morisaka et al. (2005a) 
Jervis Bay (JB) 
 2001, 2002, 2003 
Towed from boat  
(2-3m) 
HTI-96-MIN TCD-D100  DAT 
recorder 
5 Hz to 17-22 kHz  (± 1dB)   
 
Lemon et al. (2006) 
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 2.2.2. Contour identification and analysis 
I use the term ‘contour’ to describe a narrow band tonal signal with at least part of the fundamental 
frequency above 3 kHz. Only contours longer than 0.1 s were used in this analysis (Lilly and Miller 1961) 
and harmonics are not considered.  Consecutive contours split by a period of silence greater than 0.03 s were 
considered separate entities.  A whistle is defined as a unit of one continuous contour, either single element/ 
no repeated loop structure (SE) or connected multi-loop whistle (CML), or 2+ repeated contour elements 
separated by a period of silence less than 0.25 s in duration (disconnected multi-loop whistle, DCML) (Esch 
et al. 2009b).  In cases where the frequency contour of whistle loops were dissimilar in structure (c.f. 
introductory and terminal loops) (Caldwell et al. 1990), whistles were identified by repeated transitions (80% 
or higher) of constituent contours separated by 0.25 s or less  (Janik and Slater 1998, Esch et al. 2009b) 
(Figure 2.2).  The term ‘whistle type’ is used to describe all whistles of a particular frequency modulation 
pattern. The term signature whistle type (SWT) is used to define likely signature whistles which have been 
identified through the SIGID method (Janik et al. in press) and, where indicated in the methods, includes the 
KSW identified through recording isolated individuals (i.e. KSW, Harderwijk and Florida only). 
  
                                                          
Figure 2.2. Schematic diagram demonstrating inter-whistle interval (IWI) and inter-loop interval (ILI) 
definitions based on the duration of silent periods between contours. A) SE=single element signature whistle, 
VS=Variable whistle series, B) CML= Connected multi-looped signature whistle C) DCML = Disconnected 
multi-looped signature whistle.  Contours X and Y have a frequency modulation pattern sufficiently different 
from the others to be considered different whistle types. D) IL= Introductory loop of DCML, TL= Terminal 
loop of DCML.  
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 A subsampling regime was used for populations with large quantities of acoustic data. Here analysis was 
initiated from the first high quality (2/3, see below) contour following a random start point and continued for 
a set period of time (between 1 and 30 minutes). The duration of subsampling was set according to the 
whistling rate of the sampled population to ensure that at least 5 extractable contours were apparent in each 
section but that recordings were not over sampled (mean number of extracted contours per section = 23.4, ± 
SD 24.3). As signature whistles may remain stable for time periods spanning decades (Sayigh et al. 1990), 
the same signature whistle might be apparent from multiple occasions in a particular dataset. Separate 
recording sections were analysed to maximise the chance of sampling whistles from different individuals, 
taking into account the encounter information available for each recording. Data analysed from the same 
continuous recording (subsampled or short recording) were in the same recording section and it is likely that 
the same animals were present throughout. Data were considered to be from separate recording sections if a) 
the analysed recording spanned times where there was a lengthy pause, over ca. 20 s, b) if the DAT 
recording was paused for an undocumented period of time and restarted c) the subsampling regime meant 
that data were taken from the start and end of the same track (applies only to tracks longer than subsampling 
duration) or d) if several short recordings were analysed from the same encounter. Different sections from 
the same encounter are likely to have the same individuals present, however in some cases detailed encounter 
information was not available. Where encounter data were available, sections could be further classified 
according to recording unit as: same day, but different encounter, same month but different recording day, 
same year but different recording month and different year.  
 
Vocalizations were visualized in the spectrogram display of Adobe Audition v2.0 (Hanning window, FFT 
resolution 512). The start and end time (where possible) of each contour (i.e. frequency modulation pattern 
over time of the fundamental frequency) was indexed to a Microsoft Access Database.  If concurrent 
contours could not be resolved, e.g. because of low signal-to-noise ratio (SNR) or masking, then the contour 
start time was indexed and further unclear contours occurring within the following 4 seconds were grouped 
together, thus providing a minimum count of the contours in each section. Each contour was visually 
assessed to determine if the signal was masked by simultaneous noise or cut off due to the frequency 
bandwidth of the recording system.  Contours were graded based on SNR (1: signal is faint and barely visible 
on the spectrogram, 2: signal is clear and unambiguous, 3: signal is prominent and dominates). For each 
contour, the number of concurrent contours overlapping in the time domain were counted. Extractable 
contours were those graded as 2 or 3, had a clear start and end point and overall shape, were unmasked and 
not cut off by the frequency bandwidth of the recording system. Short (usually 2 s) sections of recording 
containing these contours were copied and saved as separate .wav files. The fundamental frequency of each 
contour was automatically extracted using a supervised peak function that allowed manual correction when 
needed.  Display settings used in this were FFT size 2048, 512 Frame Length, 87.5 % overlap and a Hanning 
window. Contours were down-sampled to a time resolution of 5 milliseconds and saved as .txt files.  
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 2.2.3. Investigating the contour : category ratio at varying vigilance parameters 
To determine how consistent ARTwarp is in splitting the data at different vigilance parameters and the 
relative level of contour variability between populations, the ratio of contours to categories was determined 
for each population dataset over a range of vigilance parameters (90, 91, 92, 94, 96 and 98). The extracted 
contours were presented to ARTwarp for categorisation by combining all contours and running each 
population dataset through ARTwarp in one session. All contours apart from the KSW were automatically 
categorised with the same auxiliary settings throughout (warping function of 3, maximum number of 
iterations capped at 200, learning rate of 0.1 and the maximum number of categories no greater than the total 
number of whistles inputted) (Figure 2.3). Ratios of the number of contours entered to the number of 
categories produced were calculated for each population and VP. Higher ratios would indicate that fewer 
categories are produced per contour categorised and thus the overall dataset variability is lower. Consistency 
in the order of contour: category ratio between populations across vigilance parameters suggests that the 
choice of vigilance parameter is not impacting the relative relationships found between populations.  
 
2.2.4. Using a bout analysis (SIGID) to identify signature whistle types (SWT) from datasets of 
contours categorised by ARTwarp  
The steps involved in contour extraction to signature whistle type identification are summarised in Table 2.2 
and 2.3. Automated categorisation in ARTwarp was used to divide the dataset into groups of similar 
contours. I used both 91 % and 96 % vigilance parameters and compared the output when data were 
presented to ARTwarp section by section (VP 91 only), to the output when data were presented as an entire 
dataset (VP 91 and VP 96) using the same ARTwarp auxiliary settings as above (section 2.4.4).  I used a 
method based on the sequential application of SIGID (Janik et al. in press) to identify likely signature 
whistles in recordings. As I am using this method with recordings from wild animals,  I use a more stringent 
criteria than demonstrated in Janik et al. (in press) by only considering categories containing 5 or more 
contours from the same recording section. 
 
The bout analysis was applied using custom written MATLAB code to calculate the inter-contour-intervals 
(ICI) (end to start) of contours within the same category. For the first and last contours of each recording 
section in a category, only the following ICI (first contour) or preceding ICI (last contour) could be 
calculated. Should a contour overlap the preceding contour in the same category, the overlapping contour 
was removed from consideration and the ICIs recalculated. For contours categorised on a section by section 
basis (i.e. in the VP 91 ARTwarp run), it is possible that the same signature whistle might be recorded from 
an individual over more than one recording section.  To counter this, the reference contours of the signature 
whistles identified in each section were compared in a second run of ARTwarp (Table 2.2, step 11). As 
templates are consolidated contours generated from the categories in the previous ARTwarp run, a reduced 
warping function of 2 was used to prevent excessive warping of contours in this second stage. If template 
whistles were categorised together, the composing whistles were combined and counted as one unique 
20
 signature whistle category. Known signature whistles for Harderwijk and Florida were compared to 
reference contours of SWTs identified through SIGID and duplicates were identified. 
 
2.2.5. Discovery curves  
Discovery curves were produced for each method tested, to investigate the cumulative rate of SWT 
identification per recording section analysed.  Curves were not presented for Harderwijk and Sarasota, as the 
datasets from these regions consisted of recordings analysed using the SIGID method and recordings of 
isolated individuals which contained known signature whistles. Discovery curves which show an initial 
(steep) rise, followed by a relative plateau, indicate that the optimum number of SWTs have been identified 
from the dataset. Further analysis effort (particularly from the same groups of individuals) will yield few 
additional SWT.  Curves which show a continual increase demonstrate that additional SWTs could be found 
with further analysis.  
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 1)  Identification 
 
 
                                            
                                                          
2) Extraction 
 
 
 
 
 
 
 
 
 
 
 
 
3)  Categorisation 
 
Figure 2.3. Process of contour extraction and categorisation. 1) Identification of contours from acoustic recordings,  2) Extraction of contour fundamental frequency 
using a peak function algorithm, 3) Contour categorisation in ARTwarp (Deecke and Janik 2006) according to a user defined vigilance parameter (91% shown here) 
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 Table 2.2. Steps used to identify likely signature whistles (SWTs) from single hydrophone recordings of 
freely interacting bottlenose dolphins.   
 
Step Description 
1) Identify contours Identify contours i.e. narrow band tonal signal with at least part of the fundamental 
frequency above 3 kHz in acoustic recordings of bottlenose dolphin by visually inspecting 
spectrograms. Index the start and end times and other information from each contour into 
a Microsoft Access Database. Identify loud and clear contours which are not masked 
(quality 2 and 3).  
2) Isolate high quality 
contours 
Isolate quality 2 and 3 contours by making cuts (short .wav files) containing copies of the 
chosen contours from acoustic recordings. NB. original recordings remain unaltered.  
3) Extract contours Load .wav files into a custom written MATLAB based programme, called Beluga 
(http://biology.st-andrews.ac.uk/SoundAnalysis/). Extract contour fundamental frequency 
using a supervised peak function, applying manual correction when needed.  Save traces 
of the fundamental frequency at 5 ms time resolution as .txt files  
4) Categorise contours Categorise contours from each population into groups of similar frequency modulation 
pattern. Automated categorisation (for example using the programme ARTwarp) or  visual 
categorisation using human judges can be used. 
5) Calculate inter-contour-
intervals (ICIs) 
Calculate the inter-contour-intervals (ICI) (end to start) of all contours within the same 
category 
6) Identify categories of 
stereotyped contours 
Highlight categories containing 5 or more contours from the same recording section. 
Should a contour overlap the preceding contour in the same category, the overlapping 
contour should be removed from consideration and the inter-contour-intervals 
recalculated.  
7) Identify disconnected 
multi-loops 
Identify disconnected multi-loops (i.e. contour elements with a similar frequency 
modulation pattern separated by a short period of silence) within each category. Following 
Esch et al. (2009) and Janik et al. (in press), contours categorised together with an inter-
contour-interval of 0.03-0.25 s to the preceding are considered to be loops of the 
preceding contour and assigned to it as a disconnected multi-loop.  
8) Identify separate 
whistles 
Identify separate whistles (i.e. units of sound production comprised of either 2+ 
disconnected multi-loops separated by short periods of silence or continuous contours). 
Following Janik et al. (in press), those contours categorised together, where at least one of 
the ICI (preceding or following) is between 1 and 10 s of another in the same category are 
considered to be separate whistles. A series of disconnected multi-looped contours is 
considered a separate whistle if the ICI preceding the start of the first loop and/or 
following the end of the last loop is between 1-10 s.  
9) Identify non-identical 
disconnected multi-looped 
whistle types 
Identify instances of non-identical disconnected multi-looped whistle types (i.e. those with 
terminal and introductory loops). Following Janik et al. (1998),  non-identical DCML can 
be identified by consistent transitions (80% + of occurrences) between one whistle type 
and another where ICIs between whistle types are short  (0.03-0.25 s). 
10) Apply a sequential 
bout analysis to identify 
signature whistle types 
(SWTs) 
Apply a sequential bout analysis to identify signature whistle types (SWTs) in categories 
containing 5 or more whistles. SWTs are identified as those categories with at least one 
sequence where 75% or more (i.e. minimum 4/5) of the whistles in a sequence have an 
IWI of 1-10 s to the preceding or following whistle of the same sequence in the same 
category. N.B. Each signature whistle type must contain whistles occurring in a sequence, 
but may also contain additional whistles of the same frequency modulation pattern (type) 
which do not occur in a sequence of repeated emissions.  
11) Cross comparison of 
SWTs identified in 
separate sections 
(recordings) 
For contours categorised section by section, cross comparison of whistles using visual or 
automated categorisation should be carried out. When automated categorisation is used, 
the reference contours of the SWTs identified in each section can be put through a second 
run of ARTwarp using a reduced warping function of 2. If reference contours are 
categorised together, the composing whistles may be combined and counted as one unique 
signature whistle type category.  
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 Table 2.3. Worked example of the bout analysis used for signature whistle type identification (SIGID) using the 96 ALL method for Zanzibar 
North, category 54 and Florida, category 19. Only categories containing 5 or more contours from the same recording section were considered. 
Each contour is given a unique identification and automatically categorised in ARTwarp. A sequential bout analysis is then applied to 
contours categorised together based on the start and end times of each contour relative to the recording start. For the first and last contours of 
each recording section in a category, only the following ICI (first contour) or preceding ICI (last contour) can be calculated. Inter-contour-
intervals of 0.03 – 0.25 s to the preceding contour are highlighted in blue and indicate loops of the preceding contour. Inter-whistle- intervals 
of 1-10 s to the preceding or following contour are highlighted in red and indicate the whistle unit. Repeatedly emitted whistles (REW) are 
those with an IWI of 1-10 s to the preceding or following whistle. A minimum of 4/5 whistles from the same recording section must occur 
within 1-10 s for a category to be considered a signature whistle type (SWT). Two types are shown here, one for Zanzibar and one for Florida.  
Population 
& recording 
section # 
Contour ID 
(section 
#_contour #) 
Cat 
Start 
Time 
(s) in 
recording 
section 
End 
Time (s) 
in 
recording 
section 
Time (s) since 
preceding (end 
of last whistle of 
same cat) 
Time (s) to 
following (start 
of next of same 
cat) 
0.03 - 0.25 
s to 
preceding 
 
1-10 s to the 
preceding or  
following 
whistle 
Contour type 
Zanzibar N 101 101_72 54 230.91 231.26 N/A  9.40 N Y REW 1 
Zanzibar N 101 101_91 54 240.67 240.87 9.40 0.63 N Y REW 2 
Zanzibar N 101 101_95 54 241.50 241.73 0.63 0.58 N N 0 
Zanzibar N 101 101_97 54 242.31 242.51 0.58 2.35 N Y REW 3 
Zanzibar N 101 101_110 54 244.86 245.12 2.35 1.60 N Y REW 4 
Zanzibar N 101 101_118 54 246.72 246.92 1.60 0.69 N Y REW 5 
Zanzibar N 101 101_121 54 247.61 247.83 0.69 151.89 N N 0 
Zanzibar N 101 101_272 54 399.72 400.08 151.89 N/A N N 0 
Zanzibar N 108 108_30 54 112.56 112.86 N/A N/A N N 0 
Zanzibar N 129 129_10 54 73.03 73.32 N/A N/A N N 0 
                    
Florida 66 66_28 19 2486.68 2486.91 N/A 0.20 N Y REW 1,1st  loop  
Florida 66 66_29 19 2487.12 2487.32 0.20 1.51 Y Y REW 1, 2nd loop 
Florida 66 66_30 19 2488.83 2489.03 1.51 0.30 N Y REW 2 
Florida 66 66_31 19 2489.34 2489.52 0.30 8.57 N Y REW 3 
Florida 66 66_36 19 2498.08 2498.29 8.57 0.22 N Y REW 4, 1st loop 
Florida 66 66_37 19 2498.51 2498.73 0.22 0.16 Y Y REW 4, 2nd loop 
Florida 66 66_38 19 2498.90 2499.12 0.16 4.05 Y Y REW 4, 3rd loop 
Florida 66 66_41 19 2503.16 2503.34 4.05 0.22 N Y REW 5, 1st loop 
Florida 66 66_42 19 2503.56 2503.75 0.22 11.12 Y Y REW 5, 2nd loop 
Florida 66 66_44 19 2514.88 2515.00 11.12 N/A N N 0 
Dis-
connected 
multi-looped 
whistle 
Connected 
whistle i.e. 
single element 
or connected 
multi-loop  
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 2.3. Results 
2.3.1. Acoustic data summary  
In total, 437 hours of recording were considered for this study, spanning over 20 years.  Not counting the 
sections with KSWs, high quality contours were apparent in 297 recording sections totalling more than 42 
hours of acoustic data. Only sections containing 5 or more extractable contours were used, comprising 
almost 34 hours. From these sections, 14234 contours were identified and 5120 were of high enough quality 
that the frequency contour could be extracted (Table 2.4).  
 
Table 2.4. Summary of acoustic data used to identify likely signature whistles. Only sections containing 5 
or more extracted contours were included in this analysis.  The duration over which recordings were made 
is counted as years (Y), months (M), days (D). * Recordings from several days made to Digital Audio 
Tape (DAT).   
Population Y M  D Duration 
(hh:mm:ss) 
No. 
Sections 
Average 
section 
duration 
(hh:mm:ss) 
(± SD) 
Contours 
indexed 
Contours 
extracted 
Harderwijk 
 
Known 
signature 
whistles 
1 
 
- 
1 
 
‐  
7 
 
- 
00:49:16 
 
00:02:10 
20 
 
6 
00:02:28 
(00:00:37) 
- 
1032 
 
41 
394 
 
39 
Florida 
 
Known 
signature 
whistles 
4 
 
- 
11 
 
- 
15 
 
- 
02:04:38 
 
00:10:44 
12 
 
12 
00:10:23 
(00:03:07) 
- 
453 
 
209 
230 
 
191 
Scotland 
West Coast 
2 3 5 15:08:20 15 01:00:33 
(00:28:18) 
1373 386 
Scotland 
East Coast 
 
Exchange 
sections 
4 
 
 
- 
8 
 
 
- 
21 
 
 
- 
03:41:13 
 
 
00:04:48 
26 
 
 
7 
00:08:31 
(00:02:13) 
 
- 
1343 
 
163 
566 
 
85 
Doubtful 
Sound 
3 4 *6+ 01:45:10 18 00:05:51 
(00:03:04) 
1533 428 
Plettenberg 
Bay 
1 1 10 00:43:38 16 00:02:44 
(00:02:11) 
1452 511 
Zanzibar 
South 
1 1 8 02:47:26 22 00:07:37 
(00:06:26) 
1406 366 
Zanzibar 
North 
1 2 10 03:00:46 28 00:06:27 
(00:04:44) 
2492 801 
Mikura 1 1 6 00:58:47 24 00:02:27 
(00:01:41) 
1354 685 
Jervis Bay 3 6 *10+ 02:42:54 21 00:07:45 
(00:04:57) 
1383 438 
Total - - - 33:59:50 227 - 14234 5120 
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 2.3.2. Automatic categorisation: The contour: category ratio at varying vigilance parameters 
As expected, there is an inverse relationship between the level of critical similarity and contour: category 
ratio, with more stringent categorisation resulting in finer splitting and more categories produced by 
ARTwarp (Figure 2.4). The relative pattern of ratios between populations is fairly stable across the range of 
VPs demonstrating that ARTwarp is relatively consistent in how it splits the data across populations at 
varying levels of vigilance. Zanzibar North and Florida have the highest ratios (i.e. less varied contours) at 
the lowest VP (90), whereas Harderwijk has the lowest ratio (i.e. most distinct contours) at this VP. Overall 
the ratios for Plettenberg Bay, Zanzibar South, Doubtful Sound and Harderwijk are very similar, suggesting 
similar levels of variability in the contours of these populations. The population with the highest number of 
contours (Zanzibar North, 801) and lowest number (Florida, 230) are rated 1 and 2 in the ratio order, 
demonstrating that the categorisation and subsequent ratios are not influenced greatly by the sample size of 
contours used.   
Figure 2.4. Ratio of number of contours: number of categories produced through automated categorisation 
in ARTwarp over a range of vigilance parameters (90-98). Contours were categorised as a combined dataset 
and populations are ordered according to the highest-lowest ratio at VP 90. Population codes are ZN: 
Zanzibar North, FL, Florida, JB: Jervis Bay, MK, Mikura, SE: Scotland East Coast, SW: Scotland West 
Coast, PB, Plettenberg Bay, ZS: Zanzibar South, DS: Doubtful Sound, HW: Harderwijk. Sample sizes of 
contours are shown above each population. 
 
 801       
             230         
                          438        
                                        685         
                                                      651         
                                                                   386        
                                                                                 511        
                                                                                               366         
                                                                                                            428        
                                                                                                                          394     
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 2.3.3. Analysis effort and comparing methods of signature whistle type identification  
Three ways of automatically categorising the data in ARTwarp (VP 91 Section by Section, VP 91 ALL, VP 
96 ALL) were used to identify likely signature whistles in recordings of freely interacting bottlenose 
dolphins (Tursiops spp.).  For a category to be considered as a SWT, it must contain at least 5 whistles from 
the same recording section. The 91 section by section method had the most categories which met this criteria 
(Table 2.6) and 168 SWT were found using this method. However, it was highly likely for the same SWT to 
be detected in two or more separate recording sections (Table 2.5). Cross comparisons by running reference 
contours through ARTwarp at a reduced warping function of two resulted in almost half of the SWTs (48 %) 
being combined with at least one other, indicating that the same SWTs had been identified on different 
recording occasions and reducing the number of SWTs identified in this population from 168 to 87. This 
demonstrates that cross checking is necessary to prevent duplicate SWTs when recordings are presented to 
ARTwarp section by section, particularly when it is likely that the same individuals are present during 
several recordings sessions.   
 
Table 2.5. Number of SWTs identified using the VP 91, section by section (SS) method of contour 
presentation. SWTs are identified per section and compared across sections by running their reference 
contours through ARTwarp at a reduced warping function of 2.  
Population SWT calculated per section SWT compared across sections 
Harderwijk 9 5 
Florida 8 6 
Scotland West Coast 10 4 
Scotland East Coast 25 12 
Doubtful Sound 15 11 
Plettenberg Bay 17 12 
Zanzibar South 10 6 
Zanzibar North 28 9 
Mikura 28 12 
Jervis Bay 18 10 
Total  168 87 
 
Over all the methods, a minimum of 87 and a maximum of 111 unique signature whistle types were found 
from 10 populations (Figure 2.5). There was a strong positive correlation between the number of sections 
analysed and the number of contours extracted (Pearson’s correlation coefficient, r = 0.80, P < 0.01).  In 
general, more SWTs were identified when more contours were included in the analysis, particularly for the 
96 ALL method (r = 0.82, P < 0.01). There was agreement between the methods on the number of SWT 
apparent in each dataset.  This was highest between the 91 ALL and 96 ALL methods (Figure 2.5) (r = 0.82, 
P < 0.01 for 91SS vs. 91ALL, r = 0.70, P < 0.05 for 91SS vs. 96ALL  and r = 0.89, P < 0.001 for 91 ALL 
vs. 96 ALL comparisons). The Scotland East Coast, Jervis Bay and Zanzibar North populations showed the 
greatest variation in the range of SWT identified in the same dataset using the 3 different methods (max-min 
number of SWTs: 6, 7 and 13 respectively).   
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 Over the populations analysed, the average number of whistles per SWT ranged from 13-42 for the 91 SS, 
15-34 for the 91 ALL and 9-27 for the 96 ALL method (Table 2.4). The largest category was a disconnected 
multi-loop containing 147 contours (87 whistles) and was found in the Zanzibar North dataset when analysed 
with the 91 SS method.  The whistles in this group were identified in the first stage of the 91 SS analysis 
from 6 separate recording sections over 5 days. The reference contours of these whistles grouped together 
during cross checking at a warping function of 2 (Figure 2.6).  There is a significant difference (ANOVA: 
F2,27= 22.86, P < 0.001)  in the number of whistles within each SWT produced with an inter-whistle interval 
(IWI) of 1-10 s using the different methods. The 91 SS method had the highest number of whistle 
occurrences fitting this criteria, whilst the 91 ALL method had the lowest (average across SWT = 74 % and 
55% respectively, Table 2.6). This suggests that the more focused way of presenting contours to ARTwarp 
for categorisation recording section by section is more effective at detecting repeatedly emitted stereotyped 
sequences. 
 
There is good agreement in the discovery curves created using the 3 methods applied (91 SS, 91 ALL and 96 
ALL, Figure 2.7). Curves for Scotland East Coast, Doubtful Sound, Mikura and Jervis Bay (plots B, C, G, H) 
showed steep initial rises in the number of SWTs identified per recording section, followed by a possible 
asymptote. For Plettenberg Bay (plot D) the cumulative rate of signature whistle identification is steep over 
the sections analysed and continues to rise.  Conversely, the discovery curve gradient for the Scotland West 
Coast is gentle, with few additional SWTs added per recording section. For Zanzibar North (plot F) there is a 
steep increase in the number of signature whistles identified using the 96 ALL method in section 17.  This 
section contains a high number of similar contours (178 extracted contours) occurring in sequences and 
demonstrates the finer categorisation of contours using this strict vigilance parameter (Figure 2.8).  
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 Table 2.6. Summary statistics for data reduction from extracted contours to signature whistle types per population. Note that the number of 
occurrences with ≥ 5 contours from the same recording section categorised together represents the absolute maximum number of SWT possible to 
identify per population. For the 91 and 96 ALL methods, if contours from different recording sections are grouped together, the number of 
occurrences with ≥ 5 contours from the same recording section categorised together  may exceed the total number of categories for that population. 
For method 91SS, the number of signature whistle types is calculated after cross comparison of reference contours between sections using ARTwarp 
(warping function 2). 
 
i)  91 SS: Vigilance parameter of 91%, contours presented for categorisation section by section   
 
91 SS  
Population 
 
Number of 
contours 
extracted  
# of 
categories
Range of 
category size 
(min-max # 
of contours) 
# of occurrences 
w.  ≥ 5 contours 
from the same 
recording 
section 
categorised 
together  
Ave # of   
contours  
per SWT cat 
 
Ave # of 
whistles per 
SWT cat 
 
Ave % of 
whistles per 
SWT cat w.  
IWI  
1-10  s 
# SWT  
Harderwijk 394 166 1-14 19 16 (8.93) 15 (7.43) 71  5 
Florida 230 39 1-58 14 23 (20.04) 12 (6.57) 69 6 
Scotland West Coast 386 109 1-36 25 35 (9.15) 33 (9.33) 63 4 
Scotland East Coast 651 194 1-21 43 22 (18.37) 19 (16.78) 79 12 
Doubtful Sound 428 128 1-18 27 13 (9.54) 13 (9.57) 70 11 
Plettenberg Bay 511 129 1-35 39 17 (11.91) 14 (10.78) 76 12 
Zanzibar South 366 96 1-51 20 29 (21.47) 19 (13.23) 79 6 
Zanzibar North 801 112 1-48 43 63 (42.93) 42 (22.30) 73 9 
Mikura 685 162 1-37 48 29 (29.80) 24 (22.95) 74 12 
Jervis Bay 438 89 1-30 27 28 (24.12) 26 (21.88) 86 10 
Overall  4890 1224 - 305 28 22 74 87 
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ii) 91 ALL : Vigilance parameter of 91%, all contours presented for categorisation as a combined dataset 
 
91ALL  
Population 
 
Number of 
contours 
extracted  
# of 
categories
Range of 
category size 
(min-max # 
of contours) 
Overall # of 
categories w.  
≥ 5 contours  
# of occurrences 
w.  ≥ 5 contours 
from the same 
recording section 
categorised 
together 
Ave # of   
contours  
per SWT 
cat 
 
Ave # of 
whistles per 
SWT cat 
 
Ave % of 
whistles per 
SWT cat w.  
IWI  
1-10  s 
# 
SWT  
Harderwijk 394 47 1-42 25  18 31(9.52) 30(9) 49 5 
Florida 230 17 1-67 8  11 40 (23.14) 24(11) 49 5 
Scotland West Coast 386 39 1-43 23  18 26(12.82) 25(12) 50 6 
Scotland East Coast 651 56 1-44 39  37 21(10.01) 19(9) 53 19 
Doubtful Sound 428 50 1-29 29  26 15(7.36) 15(7) 59 10 
Plettenberg Bay 511 58 1-57 35  33 22(13.10) 17(10) 55 11 
Zanzibar South 366 40 1-83 19 14 35(28.18) 25(15) 56 5 
Zanzibar North 801 41 1-133 18  43 46(30.95) 34(17) 54 15 
Mikura 685 52 1-58 34  32 27(15.66) 23(13) 54 16 
Jervis Bay 438 31 1-49 20  27 25(9.92) 28(8) 67 15 
Overall  4890 431 - 250 259 29 24 55 107 
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iii) 96 ALL:  Vigilance parameter of 96%, all contours presented for categorisation as a combined dataset 
 
96 ALL  
Population 
 
Number of 
contours 
extracted  
# of 
categories
Range of 
category size 
(min-max # 
of contours) 
Overall # of 
categories w.  
≥ 5 contours 
# of occurrences 
w.  ≥ 5 contours 
from the same 
recording section 
categorised 
together 
Ave # of   
contours  
per SWT 
cat 
 
Ave # of 
whistles per 
SWT cat 
 
Ave % of 
whistles per 
SWT cat w.  
IWI  
1-10  s 
# 
SWT  
Harderwijk 394 141 1-41 11 14 28 (11.10) 27 (10.36) 53 5 
Florida 230 35 1-59 10 12 34 (21.49) 18 (11.03) 58 4 
Scotland West Coast 386 99 1-30 21 12 17 (8.35) 17 (8.40) 57 5 
Scotland East Coast 651 147 1-40 46 26 13 (9.61) 12 (8.26) 55 18 
Doubtful Sound 428 138 1-15 31 20 9 (3.26) 9 (3.23) 61 10 
Plettenberg Bay 511 146 1-17 39 27 12 (3.95) 10 (3.04) 65 13 
Zanzibar South 366 101 1-39 23 13 22 (10.73) 18 (8.12) 60 6 
Zanzibar North 801 104 1-68 48 44 21 (14.02) 17 (8.22) 60 22 
Mikura 685 167 1-32 49 23 16 (8.38) 14 (7.63) 62 12 
Jervis Bay 438 101 1-29 33 26 12 (6.83) 12 (5.97) 80 16 
Overall  4890 1179 - 311 217 18 15 61 111 
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Figure 2.5.  Number of signature whistle types (SWTs) identified per study population using different VP 
and contour presentation methods . Contours were categorised in ARTwarp using a vigilance parameter of 
91 or 96 and contours were either presented recording section by section (SS) or as a combined dataset 
(ALL). A bout analysis (SIGID) was then applied to identify SWTs. Population codes are HW: 
Harderwijk, FL: Florida, SW: Scotland West Coast, SE: Scotland East Coast, DS: Doubtful Sound, PB: 
Plettenberg Bay, ZS: Zanzibar South, ZN: Zanzibar North, MK: Mikura, JB: Jervis Bay. 
 
 
Figure 2.6.  The largest SWT category in the Zanzibar North dataset containing 147 contours identified 
using the VP 91 and section by section method of contour presentation.  Colour coding represents each 
SWT identified during the first stage of the 91SS method.   
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Figure 2.7.  Discovery curves for signature whistle types. Contours were categorised in ARTwarp using a 
vigilance parameter of 91 or 96 followed by SIGID and categorised recording section by section (SS) or as 
a combined dataset (ALL).  A) Scottish West Coast,  B) Scottish East Coast, C) Doubtful Sound, D) 
Plettenberg Bay, E) Zanzibar South, F) Zanzibar North, G) Mikura,  H) Jervis Bay.  
Scottish West Coast Scottish East Coast 
Doubtful Sound Plettenberg Bay 
Zanzibar South Zanzibar North 
Mikura Jervis Bay 
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Figure 2.8.  Complete SWT identification for Zanzibar North using VP 96 ALL method.  There is a low 
level of contour diversity in this population and categorisation by ARTwarp is based on subtle difference 
in contour shape.   
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 2.4. Discussion 
This chapter has demonstrated an objective analytical approach to identify repeatedly emitted stereotyped 
whistles in the repertoire of 10 bottlenose dolphin populations.  Due to the timing of production and the 
stereotyped frequency modulation pattern, it is likely that these whistles are signature whistles (Janik et al. in 
press). Automated categorisation has several benefits over visual categorisation in that if properly applied it 
can be highly objective, repeatable and fast, therefore allowing large datasets from multiple populations to be 
analysed quickly (Buck and Tyack 1993, Deecke and Janik 2006). Furthermore, the threshold values upon 
which categorisation is based can be standardised and categorisation is repeatable, something not easily 
achieved with visual categorisation.   
 
Exploration of contour categorisation at different vigilance parameters found similar inter-population 
patterns irrespective of which vigilance is used, as demonstrated by the contour to category ratios. Previous 
studies have shown that VPs of 91 and 96 can be used for signature whistle identification (Deecke and Janik 
2006, Quick 2006, Janik et al. in press) and stereotyped contours were identified using these parameters.  
There was good agreement between the three methods tested, with the 91SS and 96 ALL methods slightly 
better than the 91 ALL method at producing consistent stereotyped groupings with low intra-category 
variability (see evaluation, below).   
 
The discovery curves and number of signature whistles identified varied between regions. The progressive 
increase of SWT discovery indicates that further analysis of Plettenberg Bay recordings will yield additional 
signature whistle types.  The steep aspect, with no sign of asymptote, reflects the large group sizes during 
recordings (average 156 individuals, ±SD 81.9), with high potential for different individuals to be present 
over successive recording sessions.  The population estimate for Southern Africa exceeds 28,482 (CI = 
16,220-40,744) and in its steep aspect, the signature whistle discovery curve mirrors that of new individuals 
identified through photo-identification (Reisinger and Karczmarski 2010). The possible asymptotes seen in 
the Scotland East coast, Doubtful Sound, Mikura and Jervis Bay discovery curves tentatively suggests that 
additional analysis without additional recording will yield few additional SWTs. The discovery curve 
gradient is very gradual for Scotland West coast, and few signature whistle types are identified from this 
region. Considering the long average section duration (Table 2.4) and the smaller population size (estimated 
45 animals in total and 13-15 in the Barra population, Thompson et al. 2011), this suggests that the 
maximum number of signature whistle types possible were identified from the recordings using the SIGID 
method.  
 
In four populations (Florida, Harderwijk, Scotland west Coast and Zanzibar South) fewer than 10 SWTs 
were identified through automated categorisation and SIGID. The recordings of Florida bottlenose dolphins 
were taken from follows including mum-calf pairs with low whistle rates compared to the other populations 
analysed (e.g. average of 3 contours per minute of analysed recording in Florida vs. 15 per minute in 
Doubtful Sound). Comparatively few contours were available for extraction per minute of analysed 
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 recording and fewer SWTs were found. The recordings from Harderwijk are from a captive colony and 
represent a ‘closed’ population, where the maximum number of signature whistles is restricted by the 
number of individuals present during each recording occasion.   
 
The Zanzibar South population is a comparable size to the other free ranging populations included in this 
study (population estimate 136-179,  Stensland et al. 2006) and a reasonable number of contours (366) were 
analysed from 8 separate days (22 recording sections).  However, the discovery curve for Zanzibar South 
(Figure 2.7, plot E), shows that no SWTs are identified in the first 15 sections of analysed recording using 
the 96 ALL method. The low number of SWT identified, 5-6 depending on the method used, is not consistent 
with the group sizes (average 23 animals, ±SD 12.8) or whistle rates during analysed recordings (8.4 
contours per minute). It suggests that animals are either not producing individually distinctive signature 
whistles, or that the signature whistles used by this population cannot be identified using the methods applied 
here. For example, SWTs might not be resolved if individual defining features are not discriminated using 
ARTwarp or with the VPs investigated. Also, if the timing of contour production is not consistent with the 
IWI of 1-10 s used in the SIGID method, signature whistles may be missed (see Chapter 4 for further 
investigation of inter-contour and inter-whistle intervals). 
 
In Zanzibar North, the largest category was a disconnected multi-loop containing 147 contours (87 whistles) 
and was found when the dataset was analysed using the 91 SS method.  It is possible that the same 
individuals were present during these recording instances, and this is being investigated using photo-
identification data (Gridley, Öhman and Berggren). Alternatively, the low level of diversity apparent in the 
loop structure may indicate convergence within this population for similar call types, as suggested by the 
occurrence of overlapping contours. Using the 91 SS analysis, almost half of all instances of overlapping 
contours of the same whistle type (13/30) occurred in Zanzibar North, compared to just one instance in 
Mikura and 7 in for Scotland East Coast, the two populations with comparable numbers of contours 
extracted.  Occurrences of matching overlapping contours are likely to be underestimated, as both the 
matched and preceding contour cannot be resolved or extracted (Figure 2.9). Therefore, this phenomenon is 
likely to be more prevalent than data included in SIGID can demonstrate.  
 
Similarity in call type does not preclude encoding of identity information. For example, although killer 
whales use strongly recognisable group calls, there is less prominent but statistically identifiable signature 
information in calls (Nousek et al. 2006).  In the wild, male bottlenose dolphin alliances can converge on 
similar call structure (Smolker and Pepper 1999, Watwood et al. 2004), but these may still retain identity 
information.  Furthermore, as contour extraction and categorisation was based on the constitute loops of 
disconnected multi-loops, temporal information of the inter-contour interval is lost. It is possible that the 
spacing between loops plays a role in transmitting identity information, adding another dimension to increase 
complexity in signature whistles (Esch et al. 2009b).  
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Figure 2.9. Example of overlapping contours of similar type from Zanzibar North (A), followed by a 
disconnected multi-looped whistle (B) . 
 
Categorisation is based on the assumption that there are distinct call types within the vocal repertoire that can 
be readily identified. I found clearly stereotyped categories of whistle type in the majority of Tursiops 
populations investigated, supporting the categorisation approach. However, the few signature whistle types 
identified in Zanzibar South, and the erratic jump in the number of SWT identified in Zanzibar North 
between vigilance parameters 91SS and 96 ALL, indicates that categorisation may be less appropriate for 
these areas. Similar whistle types based on repeated upswept disconnected contours may vary subtly between 
individuals and may not be designed to carry signature information in keeping with the signature whistles 
paradigm. Graded communication systems have been proposed in other cetacean societies (Taruski, 1979, 
Murray et al. 1998).  Further investigation is warranted to investigate whether these populations are unusual 
amongst Tursiops spp. in not distinctly encoding identity information in the modulation pattern of the whistle 
contour and perhaps using communication system based on group and not individual recognition.    
 
2.5. Evaluation and recommendations 
Deecke and Janik (2006) showed that signature whistles could be reliably categorised in ARTwarp, 
demonstrating its potential for use in signature whistle identification for large datasets from multiple 
populations. Janik et al. (in press) used ARTwarp and bout analysis (SIGID) to identify signature whistles 
from freely interacting dolphins. Both techniques are novel, and this is the first broad scale study combining 
the methods to investigate signature whistle occurrence in several previously unrecorded populations, and 
both recognised Tursiops species. Therefore, it is pertinent to provide an evaluation of the methods used and 
recommendations, so that future researchers can benefit from the lessons learned during these and many 
other methodological trials (Appendix 1 summarises these findings).  
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 2.5.1. Contour selection and extraction.  
Adequate data screening and accurate extraction of contours is necessary for reliable categorisation and SWT 
identification. In Figure 2.10, A and B are SWTs identified in Jervis Bay using the 91 SS method.  When the 
reference contours from each SWT group are aligned to maximise the amount of overlap, the reference 
contour of whistle B is almost identical to that of whistle A (Pearson’s correlation: r = 0.88, P < 0.001, 
warped similarity Deecke and Janik (2006): = 97%), indicating that they are likely to be the same whistle 
type. Transmission loss, masking in critical frequency bands or variation in whistle production can alter the 
apparent whistle frequency contour, causing otherwise similar contours to be split during automatic 
categorisation. If undetected, this has the potential to inflate the number of SWTs identified through 
categorisation outputs.  
A
  
 
B 
 
Figure 2.10. Example of separate SWT which are highly correlated over the core section and likely to be 
produced by the same individual (Pearson’s correlation: r = 0.88, P < 0.001, warped similarity Deecke and 
Janik (2006): = 97%). 
 
2.5.2. Choice of vigilance parameter 
The number of call types recognisable on structural grounds depends on how coarse or fine a level of 
description is used (Tyack and Miller 2002). Standardised parameters (warping function and vigilance) were 
used throughout this analysis to enable reliable comparisons between populations. When there are 
differences in the degree of variability between populations (Figure 2.4), we must aim to find the optimum 
vigilance parameter to identify biologically relevant categories across datasets. In some cases, a VP of 91 is 
adequate to detect stereotyped categories (plot A,  Figure 2.11) and this has successfully identified signature 
whistles in previous studies (Janik et al. in press). However, for other populations it is too low to adequately 
discriminate stereotyped contours which can otherwise be readily separated into two groupings using visual 
assessment (plot B, Figure 2.11). On several occasions, the whistle types identified using the 91 ALL method 
contained high levels of variability (e.g. COV of mean frequency for contour plot C = 11.1, plot D = 4.8 vs. 
1.8 for contour plot A) and there was no distinguishable contour type in the resulting category (Figure 2.11, 
plots C and D). As the number of contour shapes produced in a population is finite, a relaxed VP of 91 might 
not be stringent enough to isolate the SWT emissions from individuals when the entire dataset is categorised 
simultaneously. In this case, using a VP greater than 91 might be more appropriate.  
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Figure 2.11. Example SWT identified using VP of 91. A) Stereotyped contour identified using 91 ALL, 
B) VP 91 and warping function of 3 can result in SWT containing two distinct contours.  C) and D) High 
within SWT diversity of contours identified using the 91 ALL method suggests a higher VP is more 
appropriate.  
 
The process of automated categorisation in ARTwarp works best when the level of signature whistle 
distinctiveness within a population is relatively consistent. Where intra-population stereotypy or 
distinctiveness is variable, categorisation will become less effective regardless of the vigilance parameter 
applied. Like the inter-population vigilance parameter considerations, applying the correct VP for single 
population categorisation also requires careful consideration of the whistles which will be processed.  This is 
particularly relevant in populations where alliance formation results in convergence of whistle types 
(Smolker and Pepper 1999, Watwood et al. 2004), whilst other community members are each using highly 
distinct signature whistles.  Tailoring the vigilance parameter to the population is possible where an estimate 
of the distinctiveness of signature whistles likely to be encountered can be generated, i.e. if the signature 
whistles of a sample of individuals are known a priori so that the VP and warping function can be adjusted 
accordingly.  Alternatively, decisions can be based on categorisation trials investigating the ratio of variation 
within to variation between categories for differing vigilance parameters (see Deecke and Janik 2006). 
However, the effectiveness of this measure may vary depending in the stereotypy of calls, working best 
where categories are distinct, as in killer whale vocalisations. This approach is less effective in populations 
with relatively low stereotypy such as Zanzibar South (trial results not shown).   
 
In general, the VP can be lower for populations where the variation within a call type is low, and calls are 
highly distinct from one another. However, in systems where the call types are very similar, and (signature) 
A 
C 
B
D
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 information would have to be transmitted through variation of one acoustic feature, a higher VP might be 
necessary to distinguish between call types. Tailoring the vigilance parameters to the populations has the 
benefit of enabling greater resolution in populations where whistles are very similar and reducing processing 
time in instances where datasets contain very distinct whistle contours which provide less of a challenge to 
categorisation. The warping function is another dynamic element of ARTwarp which can be adjusted 
between warping of x2 and x3 according to user specification. Although a warping function of three was 
applied here, stereotyped groupings were also found using trials with a warping function of two, and this 
might be appropriate in systems where individuals use similar contour shapes and distinctiveness is enhanced 
by variation in the time domain.  
 
The balance between joining and splitting is inherent in any form of categorisation, particularly when the 
underlying patterns are unknown. The severity of the error caused by not being able to distinguish between 
similar call types in a sampled population depends on the question at hand. In most cases joining might be 
preferred over splitting because if similar signature whistle types from two or more individuals are lumped 
together, this is still based on quantifiable measures of whistle similarity. Therefore variation within any 
given category should be smaller than between categories at any given vigilance. Should this categorisation 
method be used to identify signature whistles in a mark re-capture context (Janik et al. in press), joining will 
generate an under-estimate of individuals using an area, which from a conservation viewpoint is preferable 
over an inflated estimate.  
 
2.5.3. Order of contour presentation to ARTwarp 
ARTwarp categorises using an adaptive resonance theory (ART2) neural network (Deecke and Janik 2006).  
The order of contour presentation can influence the number and composition of categories. The version used 
here presents the contours in a random order. The random order is kept constant for datasets of the same size, 
allowing comparison of categorisation between different vigilance parameters. However, the random order 
re-shuffles with changes in dataset size. So if datasets differ by just one contour, the order of contour 
presentation will change and due to the unsupervised learning, this may impact subsequent category 
compositions. Differences in the 91 SS and 91 ALL methods may in some cases be explained by the order of 
contour presentation to ARTwarp. For example, the 91SS method was the only technique to identify a 
connected multi-looped SWT in the Zanzibar South data set. This whistle was split into two separate 
categories in both the 91 ALL and 96 ALL analysis and was not subsequently identified as a SWT by either 
of these methods.  
 
2.5.4. Processing times  
Processing times for running ARTwarp increase with the number of contours compared and the vigilance 
parameter, and are also influenced by the PC processing capability. Categorisation can continue for days and 
occasionally, week long periods. To reduce data loss though power interruptions, software failures and 
accidental shutdowns, it is recommended that a function be written that allows categorisation to be manually 
paused.  Automatic saves of each iteration output would minimise accidental data losses. Algorithms which 
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 present contours to ARTwarp in separate datasets would allow batch processing of contours using identical 
settings and would reduce data handling time.  
 
2.5.5. Combining known signature whistles with signature whistle types identified through SIGID 
This study has combined known signature whistles with signature whistle types identified through the SIGID 
method for Harderwijk (n= 5) and Florida (n = 9). Of these, 2 KSWs (one from each population) were 
deemed highly similar to the signature whistle types identified from the same population of freely interacting 
dolphins using SIGID (Figure 2.12). This was decided through visual inspection and through consideration 
of the warped similarity values of the reference contours from each grouping (initial categorisation using a 
vigilance parameter of 91, warped similarity of reference contours after this = 98 and 96% for the 
Harderwijk and Florida whistle comparisons respectively). If including recordings of the same population 
made in both isolated and free ranging contexts, cross checking is necessary to identify likely duplicates and 
reduce the possibility of pseudo-replication (Hurlbert 1984).  
 
              Harderwijk                                                                 Florida 
       KSW               SIGID 
 
 
       KSW             SIGID 
 
Figure 2.12. Example of known signature whistle (KSW) contours identified from isolated recordings 
which were also identified in recordings from freely interacting animals of the same population using 
SIGID. Time (s) shown on the x axis and frequency (kHz) on the y axis. 
 
2.5.6. Implications for analysis of field recordings 
The approach used here is a straightforward way to isolate potential signature whistles from recordings of 
wild bottlenose dolphins collected using a range of recording equipment and protocols. The only pre-
requisites are that long enough sections of recording are obtained which contain high quality, good signal-to-
noise ratio whistles, where the fundamental frequency contour can be reliably extracted. The recordings used 
here were made using several different hydrophone elements with variation in the sensitivity range.  
However, all were sensitive in the frequency band in which signature whistles of dolphins under-free ranging 
conditions are produced, between 3 and 23 kHz (Buckstaff 2004) and contours were visually assessed by the 
same observer so that only those with a good SNR were used.  Therefore it is unlikely that variations in 
hydrophone sensitivity would impact the identification of likely signature whistles or the measurement of 
frequency parameters from these.  
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 Delphinids are capable of producing whistles with fundamental frequencies extending well into the 
ultrasonic range (Oswald et al. 2004, Samarra et al. 2010) and the presence of whistles with fundamental 
frequencies extending beyond the upper limit of the recording bandwidth can lead to inaccurate 
representations of whistle contours, in particular the maximum and end frequency parameters (Oswald et al. 
2004). Therefore, the upper-bandwidth of the recording system should exceed the highest frequencies likely 
to be encountered. If this is not possible, an assessment of the proportion of bandwidth limited contours per 
recording region is good practice, to quantify the effect limitations on bandwidth might be having on the 
frequency parameters reported (Chapter 6).  
 
The duration of recordings required for multiple SWT identifications are likely to differ between recording 
protocols and behavioural contexts (Table 2.4, Figure 2.7). For example, the whistle rate in Plettenberg Bay 
was relatively high and only 43 minutes of recording from 16 sections were necessary to generate the sample 
of contours. In Florida and the West coast of Scotland, smaller groups sizes and different recording protocols 
meant lower whistling rates. Greater analysis effort was necessary to generate an adequate sample of 
contours from these populations. Producing curves of SWT discovery per population according to analysis 
effort can help maximise the encounter rate of new SWTs in large datasets, which can guide subsampling 
decisions.   
 
2.5.7. Influence of recording context on the frequency parameters of signature whistle types 
Many studies have demonstrated that the signature whistles of temporarily isolated and freely interacting 
dolphin remain structurally similar in both contexts over long periods of time (Caldwell et al. 1990, Sayigh et 
al. 1990, Janik and Slater 1998, Watwood et al. 2005, Esch et al. 2009b). However, context specific 
information might be encoded in slight changes in the frequency or production characteristics of signature 
whistles. For example, Janik (1994) found structural differences in 9 of 14 signature whistle frequency and 
time parameters between isolation and at least one of the phases following a choice task for one captive 
animal. However, the sample size limits the applicability of the findings, and it is unclear whether the whistle 
parameters of all individuals will respond in the same direction. For example, Caldwell et al. (1990) found 
that the differences between individuals in the number of loops per whistle as a function of behavioural 
context were not consistent, with some animals increasing and others decreasing. Buckstaff (2004) found 
that the signature whistles of individual dolphins were influenced by the presence of watercraft differently, 
with no consistent difference apparent in the minimum or maximum signature whistle frequency or 
frequency range as a function of vessel approaches. Using a matched design, Esch et al. (2009a) 
demonstrated that the signature whistle frequency parameters (minimum and maximum frequency), loop or 
inter-loop duration of 10 bottlenose dolphins (T. truncatus) were not significantly different between dolphins 
under capture-release and undisturbed conditions. However, mothers caught and released with dependent 
calves produced whistles with higher maximum frequencies and shorter inter-loop intervals than when they 
did not have dependent calves.  
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 When making recordings of free ranging animals, behavioural states (such as resting, socialising and 
feeding) can be assigned to groups of dolphins.  However, it is unlikely that all individuals will be behaving 
uniformly and without localisation to an individual, broad behavioural categories might not accurately 
represent the behaviour of a vocalising animal at the time of call production. In both Janik (1994) and Esch 
et al. (2009a) where some frequency differences were observed between contexts, they were relatively small,  
so that we might expect a 1-2 kHz difference between the frequency parameters of an individual’s signature 
whistle. Conversely differences between individuals are large, with differences of 10 and 18 kHz in the mean 
minimum and maximum frequencies reported for signature whistles of 20 Sarasota Bay dolphins (data 
available for temporarily restrained animals only) (Esch et al. 2009b). Further research on a greater number 
of whistle parameters is necessary to investigate trends in frequency shifts in response to behavioural 
context. The differential responses between individuals, small frequency shifts within individuals and 
combined with sampling animals over a range of behavioural contexts means that differences between 
signature whistles recorded under varying contexts are unlikely to exert a directed influence on the 
inferential statistics for population and species level comparisons. 
 
2.6. Summary and outcomes 
This chapter has demonstrated that stereotyped whistles can be identified in the repertoires of freely 
interacting bottlenose dolphins. Based on the similarity of contours and the timing of production it is likely 
that these repeatedly emitted stereotyped whistles are signature whistles (Janik et al. in press). Single 
element, connected and disconnected multi-looped whistles were found using each method, although not in 
all populations (see Appendix 2 for examples and Chapter 4 for discussion of geographic variation in multi-
loops). No non-identical disconnected multi-looped signature whistle types were identified through SIGID 
and transition analysis. The difficulties involved in categorising large datasets from several populations have 
been discussed.  The approaches tested here show good agreement, and the outcomes from both the 91 SS 
method and 96 ALL will be drawn upon in subsequent chapters to address questions of geographic and 
species variability in bottlenose dolphin signature whistle types.   
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 _______________________________________________________________________________________
CHAPTER 3 
  
 
Identification of signature whistle types in free ranging Indo-Pacific bottlenose dolphins, Tursiops 
aduncus 
_______________________________________________________________________________________ 
 
Abstract 
 
Bottlenose dolphins (Tursiops spp.) produce a range of vocalizations, including clicks, buzzes and tonal 
whistles. Previous work has demonstrated that Tursiops truncatus produce individually distinctive signature 
whistles, which develop early in life and can remain stable for decades. Signature whistles are highly 
stereotyped, with low intra-individual variability. Whilst the existence and use of signature whistles in 
Tursiops truncatus is well documented, quantitative information concerning the occurrence of this functional 
call type in the communication system of congeneric Tursiops aduncus is sparse. Here I combine visual and 
automated categorisation of whistle contours with a bout analysis to investigate the occurrence of likely 
signature whistles (signature whistle types, SWTs) in the vocal repertoire of 5 freely interacting populations 
of Tursiops aduncus.  
 
Two hundred extracted contours from each population were independently categorised by ARTwarp (Deecke 
and Janik 2006) and 5 volunteer visual judges. A sequential bout analysis, based on the production of 
signature whistles in T. truncatus (SIGID, Janik et al. in press), was used to identify signature whistle types. 
The degree of intra-SWT variation in key contour parameters (start, end, range and mean frequency and 
contour duration) was compared  to that between SWTs and between non-SWT contours using the co-
efficient of variation (COV).  
 
A minimum of 4 to 7 SWTs were identified per population using automated categorisation in ARTwarp and 
3 to 7 using visual categorisation. Overall, a minimum of 23 SWTs were identified using either method, with 
human observers identifying an additional 19 categories of SWT. Almost all (87%) SWTs identified using 
ARTwarp categorisation were also detected by visual categorisation. Single element, connected and 
disconnected multi-looped signature whistle types were all identified. The intra-SWT COV for key contour 
parameters was low relative to between SWTs and between non-SWT contours, demonstrating the potential 
for  identity encoding in SWTs. Future work is necessary to demonstrate the capacity for vocal production 
learning and individual recognition in this species and to clarify the function of stereotyped whistles in T. 
aduncus.   
 
 
 
 
44
  
3.1. Introduction 
Bottlenose dolphins (Tursiops species) produce a range of vocalizations, including clicks, buzzes and tonal 
whistles  (Popper 1980).  Of these vocalisations, we know that whistles play an important role in intra-
specific communication. Previous work has demonstrated that common bottlenose dolphins, Tursiops 
truncatus produce individually distinctive signature whistles, which develop early in life and can remain 
stable for decades (Sayigh et al. 1990). Signature whistles represent the only example of a ’designed 
individual signature’ (Boughman and Moss 2003) in the literature to date (Sayigh et al. 2007), in the sense 
that they are learned and produced by a species where by-product distinctness (i.e. voice cues) is likely to be 
un-reliable because of compression of the vocal structures during diving (Tyack 2000). Therefore, instead of 
discrimination of voice cues, it is distinctive variations in contour shape that encode caller identity (Janik et 
al. 2006). It seems likely that signature whistles have developed to facilitate maintenance of long term 
associations and maintain group cohesion within the fluid fission–fusion social structure of bottlenose 
dolphins (Scott et al. 1990, Janik and Slater 1998).  
 
A key feature of bottlenose dolphin signature whistles is that they are highly stereotyped, being  ‘as 
dissimilar between individuals as are different non-signature whistles in an individual’s repertoire’ (Janik 
and Slater 1998). Structurally they range between 1 and 27.3 kHz in frequency, and last between 0.10 and 
4.11 seconds (Buckstaff 2004, Esch et al. 2009b).  They can be produced in single element, connected and 
disconnected multi-looped forms (Esch et al. 2009b) and are often produced in bouts containing repetitions 
of the same whistle type (Caldwell et al. 1990).  Common bottlenose dolphins are adept vocal learners 
(Richards et al. 1984) and there is good evidence that signature whistle development occurs through vocal 
production learning (Sayigh et al. 1990, Miksis et al. 2002, Fripp et al. 2005).  
 
In stable social structures, group recognition may take priority over individual recognition and group specific 
call types might be favoured (Boughman 1997). Discrete stereotyped calls used by killer whale (Orcinus 
orca) matrilines and shared between pods provide such an example (Ford 1991, Miller et al. 2004) as does 
coda repertoire sharing within and between social units in vocal clans of sperm whales (Rendell and 
Whitehead 2003b, 2004). Communication systems can use graded signals, for example, whistle vocalisations 
of pilot whales (Globicephala melas) (Taruski 1979) and vocal repertoires of false killer whales (Murray et 
al. 1998). These may not convey individual or group-specific identity information (Beecher 1982) but may 
transmit information on arousal state and/or motivational cues.  
 
Signature whistles have been documented in over 143 captive T. truncatus as well as free ranging animals 
(Caldwell et al. 1990, Sayigh et al. 1990, Janik and Slater 1998, Sayigh et al. 1999, Sayigh et al. 2007), 
however little attention has been paid to whether or not the closely related congeneric species of Indo-Pacific 
Bottlenose dolphins (Tursiops aduncus) uses signature whistles.  Of the published reports on whistle use in 
known T. aduncus (Morisaka et al. 2005a, b, Lemon et al. 2006, Hawkins and Gartside 2010) there is little or 
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 no discussion of signature whistle occurrence,  with the possible exception of Tursiops spp. residing in Shark 
Bay, Australia  (Smolker et al. 1993).  Furthermore, vocal production learning, the process by which 
signature whistles develop in Tursiops truncatus has yet to be conclusively demonstrated in captive or free 
ranging T. aduncus.  Confusion surrounding the taxonomic status of Tursiops over recent decades (e.g. Ross 
and Cockcroft 1990, Wang et al. 1999, Natoli et al. 2004),  combined with the challenging task of studying 
vocal communication in free ranging animals, may partly explain why this topic has received little attention. 
 
Key similarities in the social organisation, behaviour and ecology of T. aduncus and the coastal form of T. 
truncatus, combined with their close genetic relatedness suggest that T. aduncus may also use signature 
whistles. Both show preferential associations (Moller et al. 2001, Lusseau et al. 2003, Brumm and Todt 
2004, Moller et al. 2006), in both sexes and have extended periods of maternal care lasting several years and 
high rates of association between mothers and calves (Grellier et al. 2003, Kogi et al. 2004). Coastal 
populations of both species are often small (less than 200 individuals) and resident (Moller and Harcourt 
1998, Wilson et al. 1999, Kakuda et al. 2002, Stensland et al. 2006). They are both feeing generalists and can 
adapt their choice of prey species to a range of locally abundant resources (Ross 1977, Santos et al. 2001, 
Gannon and Waples 2004, Amir et al. 2005a). The similarities between the two species, particularly 
regarding maintenance of a  fission-fusion social structure combined with long term associations, suggests a 
social system based on individual recognition, as present in T. truncatus, may be common to both species.   
 
3.1.1. Visual and automated categorisation of whistle vocalisations: determining biologically 
meaningful categories  
Visual categorisation of call types is routinely applied in bioacoustic research (e.g. Risch et al. 2007, Giles et 
al. 2009) and can be reliably used to identity signature whistles (e.g. Tyack 1986, Sayigh et al. 1990, Janik 
and Slater 1998, Janik 1999, 2000b) . Here human observers sort sound patterns into categories according to 
their perceived similarity using natural pattern recognition skills. They decide which features are important 
in defining categories and how these features should be weighted (Janik 1999, Deecke and Janik 2006). 
Employing several independent observers, blind to the task, can reduce the risk of producing idiosyncratic or 
irreproducible results.  Measurements of inter-observer agreement in call classification may then be applied 
to determine consistency in categorisation (see Jones et al. 2001 for review of these methods).  Comparisons 
of call type categorisation by experienced versus inexperienced observers have demonstrated that both are 
able to identify biologically relevant call types. In some cases experienced evaluators tend to be more 
accurate  (e.g. Yurk et al. 2002). However, experience may bring with it greater bias, in which case 
inexperienced observers may represent a more cohesive group if inter-observer agreement is the focal 
objective of the task (Jones et al. 2001). Although visual categorisation of call types has been criticised 
(McCowan 1995, McCowan and Reiss 2001),  few techniques match the ability of human observers in 
dividing signals into behaviourally relevant categories (Janik 1999).  
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 ARTwarp is an automated method for categorising stereotyped vocalisations of bottlenose dolphins.  It uses 
dynamic time warping and an adaptive resonance theory ART2 neural network (Deecke and Janik 2006). 
ARTwarp can recognise biologically meaningful categories in vocalisations and is comparable to human 
observers at detecting bottlenose dolphin signature whistles. The degree of similarity between contours 
(termed vigilance parameter, VP) is user defined, thus making ARTwarp particularly amenable to 
quantitatively comparing acoustic repertoires between populations (Deecke and Janik 2006).  
 
Janik et al. (in press) have developed a method (SIGID) for identifying signature whistles of free ranging 
bottlenose dolphins by applying a bout analysis to contours categorised using either visual or automated 
techniques. The underlying assumption is that signature whistles are likely to occur in sequences of repeated 
whistle types, separated by intervals of 1-10 seconds. Using SIGID, Janik et al. (in press) were able to 
identify signature whistles from recordings of freely interacting bottlenose dolphins where signature whistles 
were known from isolated recordings. No non-signature whistles were identified as signature whistles using 
this technique.  
 
3.1.2. Objectives 
Here I investigate whether likely signature whistles can be identified in recordings from freely interacting T. 
aduncus using automated and visual categorisation methods.  I assess the effectiveness of these techniques 
and use instances where both methods agree to provide evidence of signature whistle identification. In 
particular I:  
 
1) Use automatic and visual categorisation to determine if there are stereotyped whistles in the acoustic 
recordings of wild Indo-Pacific bottlenose dolphins (Tursiops aduncus).  
 
2) Carry out bout analysis based on the pattern of signature whistle production in common bottlenose 
dolphins (SIGID, Janik et al. in press) to identify candidate signature whistles in T. aduncus populations. 
 
3) Assess the level of agreement between the automated and visual categorisation method for grouping 
contours which are repeatedly produced in a bout.  
 
4) Investigate whether there is variation in how reliable visual judges are at categorising contours from 
different populations. Are the contours from some population more distinct and readily categorised than 
others?  
 
5) Compare the variation in contour frequency parameters for within SWTs to between SWT or between non 
signature contours.    
 
47
 3.2. Methods 
Data collection procedures, sub-sampling protocols and contour extraction are as described in Chapter 2. A 
sample of extracted contours was chosen from each of 5 T. aduncus populations, (Plettenberg Bay, PB, 
Zanzibar South, ZS, Zanzibar North, ZN, Mikura, MK and Jervis Bay, JB). Contours were selected blindly 
and all extracted contours within a section of recording were used.  From each population 200 extracted 
contours from 5-6 separate recordings (range 21-46 contours per recording) were selected for categorisation.  
 
3.2.1. Automatic categorisation in ARTwarp  
Extracted contours were categorised by ARTwarp recording by recording using a vigilance parameter (VP) 
of 91 %. This VP has been successfully applied to identify signature whistles in freely interacting T. 
truncatus (Janik et al. in press) .  The maximum number of iterations was capped at 200, the learning rate 
was 0.1, the maximum number of categories was set to the total number of whistles categorised per recording 
and a warping function of 3 was used.  
 
3.2.2. Visual categorisation task 
Plots of extracted contours were produced on standardised axes (y axis range 0-30 kHz, x axis range 0-2 
seconds). Each plot was numbered per recording and randomly coded (Figure 3.1). Each population was 
categorised by 5 volunteer judges (VJ) with no prior experience of classifying dolphin whistles. Each judge 
was presented with the contours from a population separated into recording bundles (1 - 5/6) and provided 
with identical instructions (Appendix 3). The task was divided into two stages. In stage one, volunteers were 
asked to visually assess the shape of the contours and to categorise the contours per recording into as many 
shape classes as they thought appropriate. In stage two, volunteers were asked to consider all categories 
containing 3 or more whistles and decide whether they would combine groups across the recordings.  No 
further information regarding the recording location, context or aims of the study was given.  Duplicate 
contours (n=5 per population) were included in each task, to check for intra-observer reliability in grouping 
the whistles.  These were removed from further analysis following the categorisation task.  
 
3.2.3. Application of bout analysis (SIGID) to identify signature whistle types 
The outcome of both categorisation methods were subjected to a bout analysis to identify likely signature 
whistles following the method outlined in Chapter 2. In brief, inter-contour intervals to the preceding and 
following contours within each category were calculated.  A category was identified as a signature whistle if 
it fulfilled the following criteria: a) it contained 5 or more whistles, b) it contained at least one sequence 
where 75% or more (i.e. minimum 4/5) of the whistles in a sequence have an  IWI of 1-10 seconds to the 
preceding or following whistle of the same sequence in the same category. The reference contours of 
candidate signature whistle types were run through ARTwarp at a warping function of 2 to identify repeated 
occurrences of the same whistle type.  Contours grouped together were then counted as one signature whistle 
type.  Likewise, signature whistle types combined in stage two of the visual task were considered the same 
whistle type.   
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Figure 3.1. Examples of the extracted contours from Zanzibar North (B9) and Zanzibar South (R22) used 
in the visual identification task.   
 
3.2.4. Agreement between automated categorisation in ARTwarp and visual categorisation.  
Agreement between categorisation methods was assessed by looking for whistle types identified using 
ARTwarp which were also identified by human judges. Analogous SWTs contained at least 4 of the same 
contours grouped together using both methods.  
 
3.2.5. Reliability of visual categorisation 
For each recording, reliability of categorisation was calculated by looking for agreement between observers 
in each pair-wise categorisation of contours.  Agreement was scored on a scale of 0 (never categorised 
together by any judge) to 5 (categorised together by every judge).  
 
3.2.6. Co-efficient of variation in contour parameters 
For a whistle type to be individually distinctive it should have low variability in repeated emissions of the 
same whistle type.  Variability should be higher between signature whistles from different individuals and 
between other non-signature whistles (either produced by the same individual or others). The co-efficient of 
variation (COV = (standard deviation /mean) x 100) for contour start frequency, end frequency, frequency 
range (difference between maximum and minimum frequency), mean frequency and contour duration were 
calculated for the contours of SWTs identified through ARTwarp.   As each contour in a disconnected multi-
looped whistle is essentially the same element repeated a variable number of times per whistle unit, COVs 
were calculated using the contour as the basic unit of measurement. COVs were generated for a) within 
signature contour types, b) between mean values calculated from signature contour types and c) for non-
signature contours. Whilst providing an equivalent outcome for the frequency measurements, this will 
provide a conservative estimate of variability in duration for disconnected multi-loops.   
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 3.3. Results 
3.3.1. Occurrence of signature whistle types in recordings of free ranging T. aduncus 
Candidate signature whistles were identified in all 5 populations of Tursiops aduncus using automated and/or 
visual categorisation combined with bout analysis (Figures 3.2-3.6).  On average 54 % (range: 23 – 82 %) of 
the 200 contours from each population categorised by ARTwarp were identified as signature whistle 
contours, whilst 45 % (range 17 - 63 %) were identified as such through visual categorisation.  Following 
comparisons for similar whistle types across recordings, a minimum of 23 signature whistles were identified 
using either method, with human judges identifying equivalent or a greater number of signature whistle 
categories compared to categorisation in ARTwarp (Table 3.1).  Single element, connected and disconnected 
multi-looped whistles were all identified.  However, the only connected multi-looped signature whistle was 
found in the Mikura dataset (recording 3) and was not identified by the automated categorisation method.  
One visual judge (VJ PB3) consistently split the first and second loop of a disconnected multi-looped whistle 
into separate categories (D (i) and D(ii)) and in doing so their categorisation represents the only potential 
non-identical disconnected multi-looped whistle identified.  
 
Table 3.1. Number of categories identified per recording and number of  signature whistle types (SWTs) 
identified per population from 5-6 recordings  (200  contours) of T. aduncus using automated 
categorisation in ARTwarp and visual categorisation by 5 human judges (range shown for judges).  
ARTwarp Visual categorisation (range for visual judges) 
# Categories per recording # Categories per recording Population 
1 2 3 4 5 6 
# 
SWT 1 2 3 4 5 6 
# 
SWT 
Plettenberg Bay 11 18 13 8 14 - 4 10-11 10-16 11-17 9-15 10-16 - 3-4 
Zanzibar South 3 8 18 11 1 1 4 3-8 5 -16 9 -25 12-13 2-8 3-9 4-8 
Zanzibar North 1 2 4 7 4 - 4 5-13 3-7 4-16 10-19 4-9 - 5-9 
Mikura 8 6 8 14 6 - 4 5-18 5-16 4-14 6-23 4-14 - 4-8 
Jervis Bay 9 5 4 6 6 3 7 6-11 4-5 5-12 8-14 5-17 3-9 7-13 
 
3.3.2. Agreement between ARTwarp and visual judges on contour categorisation 
Almost all (87%) of the signature whistle types identified by ARTwarp were also identified by at least one of 
the visual judges, demonstrating high levels of agreement between these two methods of categorisation 
(Figures 3.2-3.6). In general, the visual categorisation was finer and there were several occurrences of 
whistles grouped together by ARTwarp which were consistently split into separate signature whistle types by 
the visual judges. In some cases, these categories can be divided based on differences in one acoustic 
parameter.  For example, there are significant differences in the start frequency in both Zanzibar North 
whistle type B and Jervis Bay whistle type G when the groups are divided into separate contours based on 
similarity in shape (see Appendix 4). When compared to a random separation this suggests that these 
categories contain two stereotyped contours (ZNB separated by shape,  Student t-test,  t-value1,28 = 18.14, P 
<0.0001 vs. random separation t-value1,28 = 0.38, P = 0.7076, JBG separated by shape t-value1,20 = 7.38, P < 
0.0001 vs. random separation t-value1,20 = 1.74, P = 0.0978).  
 
For visual categorisation, there is evidence that grouping decisions for some whistle types were based on 
differences in contour duration.  For example, volunteers split Jervis Bay whistle type H into two or three 
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 groups with highly significant differences in duration in all cases (Student’s t-test, t-value1,11-29, P < 0.0001) 
apart from volunteer judge 5 who split group H(i) from H(ii) even though there is little difference in the 
duration of these contours (Student’s t-test, t-value1,14 = 1.96, P = 0.0707). For other visual categorisations, 
consistent differences in the fine scale contour shape appear to lie behind grouping decisions (e.g. Zanzibar 
South whistle D, VJ1-5). Excluding cases where signature whistle types from ARTwarp were split by visual 
observers, a minimum of 19 additional potential signature whistle types were detected by visual 
categorisation compared to categorisation in ARTwarp alone. 
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Figure 3.2. Plettenberg Bay SWTs identified per recording by categorisation in ARTwarp and volunteer judges (J1-5), followed by bout analysis (SIGID). 
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Figure 3.3.  Zanzibar South SWTs identified per recording by categorisation in ARTwarp and volunteer judges (J1-5), followed by bout analysis (SIGID). 
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Figure 3.4. Zanzibar North SWTs identified per recording by categorisation in ARTwarp and volunteer judges (J1-5), followed by bout analysis (SIGID). 
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Figure 3.5.  Mikura SWTs identified per recording by categorisation in ARTwarp and volunteer judges (J1-5), followed by bout analysis (SIGID). 
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Figure 3.6.  Jervis Bay SWTs identified per recording by categorisation in ARTwarp and volunteer judges (J1-5), followed by bout analysis (SIGID). 
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3.3.3. Intra- and inter-observer agreement in categorisation 
Intra-observer agreement in the categorisation of duplicate whistle types was high, with 100% agreement for 
all visual observers for Mikura and Jervis Bay. For the remaining three populations, there were 6 out of a 
possible 75 cases when duplicate whistles were categorised into separate groups.  Of these, 5 were from the 
two Zanzibar populations, suggesting higher degrees of miss-categorisation of contours from Zanzibar. For 
inter-observer agreement, the high proportion of zero values (not categorised together by any visual judge) 
combined with high levels of 4 and 5 agreement scores, suggests that the Plettenberg and Jervis Bay data sets 
were the most consistently categorised (Figure 3.7).  In contrast, Zanzibar South and Mikura provided the 
fewest instances where all observers agreed on the categorisation of a pair of contours.   
 
% 0 score               83%                  52%                 47%                 58%                58% 
Figure 3.7. Pairwise agreement scores per population (Plettenberg Bay: PB, Zanzibar South: ZS,  Zanzibar 
North: ZN, Mikura: MK and Jervis Bay: JB).  Proportions are calculated from mean occurrences of 
categorisations scores 1-5 across recordings. Overall percentage of zero agreement scores shown below 
population code.     
 
3.3.4. Coefficient of variation in contour parameters 
In almost all cases, the COV for key contour parameters was lower for contours categorised together as a 
SWT than between the mean SWT values or for non-SWT (Figure 3.8, plots A-E). This was the case for all 
characteristics considered for Plettenberg Bay and Jervis Bay.  For Zanzibar South, Zanzibar North and 
Mikura there were 1-2 instances where the COV were similar for comparisons within and between signature 
whistle types. When this was the case, there was no consistency in which parameter showed similar COVs 
(Zanzibar South; Duration, Zanzibar North; End F and Range, Mikura; Start F). 
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Figure 3.8. Co-efficient of variation (COV) for contour parameters per population, F= Frequency, 
measured in kHz and duration measured in seconds. Violin plots show the range of COV values for within 
signature whistle type contours (n =  4 A-D,  n = 7  E). COV between mean signature whistle type contours 
shown by red dashes. COV of remaining non-signature contours plotted in blue dashes.  
 
3.4. Discussion 
In diving mammals the options for recognition are limited and wild dolphins are routinely out of range of 
companions for all sensory modalities except acoustic communication (Tyack and Sayigh 1997). The 
extensive use of this modality by bottlenose dolphins indicates that it is the most likely channel through 
which individual recognition would occur (Sayigh et al. 1999). This study has demonstrated clear 
stereotyped categories in the whistle repertoires of T. aduncus and provides evidence that T. aduncus are 
using signature whistles.  In total, a minimum of 23 signature whistle types were demonstrated from 5 
geographically separated T. aduncus populations using the same methods successfully applied for signature 
whistle identification in T. truncatus (Janik et al. in press).  
 
Individual distinctiveness is enhanced when differences between individuals are large and variation within 
individuals is minimal (Boughman and Moss 2003), for example where there is independent multi- 
dimensional variation (Beecher 1982). Whilst we cannot be sure that  a single animal is responsible for 
producing each signature whistle type identified here, the pattern and timing of contour occurrence (i.e. 
repeated whistles produced with inter-whistle-intervals of 1-10 seconds), mirrors that of common bottlenose 
dolphins producing individually distinctive signature whistles in freely interacting contexts (Janik et al. in 
press). Although dolphins can copy each other’s signature whistles (Tyack 1986, Janik and Slater 1998), in 
the wild matching is rare and mostly involves two animals producing one whistle (Janik 2000b).  Therefore, 
combined with the stereotyped nature of the calls, this provides evidence that the whistle types identified 
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here were produced by the same individual.  As visual observers found greater numbers of SWT, it is likely 
that COVs for non signature whistles, which were based on the ARTwarp categorisation, may also contain 
stereotyped call categories. Therefore, the COV are likely to be conservative estimates and even greater 
difference between SWTs and non SWTs is expected if COVs are generated from the outcomes of visual 
categorisation.  
 
Although stereotypy and distinctiveness are key features of signature whistles identified in common 
bottlenose dolphins thus far, subtle differences on a single acoustic dimension can be sufficient for individual 
identification (Boughman and Moss 2003). Signature information may be conveyed in populations using call 
types with a similar overall structure, so long as the differences between individuals in at least one acoustic 
feature are consistent.  Patterns in the COV and pair-wise categorisation scores suggest that there are more 
distinct call types in the Plettenberg and Jervis Bay datasets, which can be discriminated more readily 
compared to the remaining populations.  Splitting by visual observers of groups categorised together by 
ARTwarp suggests that some judges can attend to subtle yet consistent differences in the contour shape and 
are more discriminating than ARTwarp at the 91% vigilance parameter. However, groupings based on 
differences in absolute duration may have less biological relevance as T. truncatus can vary the duration of 
certain sections of the whistle they produce, whilst maintaining the same overall contour  (Sayigh et al. 1990, 
Janik et al. 1994).  ARTwarp by design (Deecke and Janik 2006) encompasses a dynamic time warping 
algorithm (Buck and Tyack 1993) to account for flexibility in the time domain of signature calls produced by 
common bottlenose dolphins.  Thus whilst visual categorisation reliably split contours based on durational 
differences, this might not be accurate (Jones et al. 2001) and ARTwarp may be more successful than human 
judges at discerning signature whistle categories when contours are warped in time.    
 
During natural behaviour, the proportion of signature whistles produced varies widely with context (Janik 
and Slater 1998, Cook et al. 2004). The average number of contours categorised as signature whistle types by 
both ARTwarp and visual categorisation across the 5 populations was similar to the value of 52 % identified 
by Cook et al. (2004) when investigating rates of signature whistle production by free ranging common 
bottlenose dolphins.  Values for all T. aduncus populations were lower than the average rate of signature 
whistle production of 94 % recorded by Caldwell et al. (1990) in captive animals.   
 
Where distinct categories exist, combining sequence analysis and categorisation might provide useful 
insights into the existence (or absence) of signature whistles in a range of dolphin species. For example, de 
Figueiredo and Simao  (2009) identified sequences of whistles and used visual classification is suggest the 
existence of signature whistles in free ranging Sotalia guianensis.  Observations of stereotyped whistles in 
several other delphinid species such as the common dolphin (Delphinus delphis bairdi) (Caldwell and 
Caldwell 1968),  spotted dolphin (Stenella plagiodon) (Caldwell et al. 1973), Pacific humpback dolphin 
(Sousa chinensis) (Van Parijs and Corkeron 2001) and perhaps narwal (Shapiro 2006) poses a case for a 
broader use of this class of vocal behaviour. This study has demonstrated high levels of agreement between 
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call types identified through automated categorisation and visual observers. Categorisation in ARTwarp 
offers a fast and consistent way to divide whistle repertoires and can be widely applied to further our 
understanding of whistle communication.  
 
Further work is necessary to conclusively demonstrate that Tursiops aduncus are using individually 
distinctive signature whistles and to further understand the function of these calls types. Detailed studies of 
T. aduncus i.e. through tagging (Johnson and Tyack 2003) or temporary captures (Sayigh et al. 1999, Janik et 
al. 2006) would help to confirm individual variation in calls. Playback experiments, such as those conducted 
on common bottlenose dolphins (Janik et al. 2006) can be used to investigate whether the signature whistle 
contour alone is sufficient to facilitate individual recognition.  Should signature whistles be conclusively 
demonstrated using these techniques, detailed captive studies, particularly those in controlled conditions 
using newborn calves and playback experiments would help to elucidate the method of signature whistle 
ontogeny (Caldwell and Caldwell 1979) and may be useful in determining whether T. aduncus are capable of 
vocal production learning. 
 
3.5. Summary 
This chapter has demonstrated that potential signature whistles can be identified from acoustic recordings of 
freely interacting populations of T. aduncus. There is good agreement between SWT identification using 
both automated and visual categorisation of contours.  The former approach is more amenable to large 
datasets, allowing standardised parameters to be used across populations.  It is therefore the preferred choice 
for comparisons of geographic and species variation in bottlenose dolphin signature whistles. 
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_______________________________________________________________________________________
CHAPTER 4 
 
 
Quantifying parameters of contour production in freely interacting bottlenose dolphins 
_______________________________________________________________________________________ 
 
Abstract 
 
Bottlenose dolphins use highly distinctive signature whistles which are likely to maintain contact between 
conspecifics at sea. From detailed studies of captive and temporarily restrained animals we know that 
common bottlenose dolphin (T. truncatus) produce looped signature whistles which contain multiple repeats 
of the same whistle element. Looped whistles may be continuous contours or disconnected multi-loops 
separated by a short period of silence. The short and consistently timed period of silence between successive 
loop elements distinguishes disconnected multi-loops from independent whistle events. 
 
Here I investigate the temporal patterning of contour production and the use of multi-looped signature 
whistle types (SWTs) from 10 populations of bottlenose dolphins (Tursiops spp.). The fundamental 
frequencies of contours were extracted and categorised in ARTwarp (Deecke and Janik 2006). Inter- contour 
intervals of contours grouped together were calculated and the inter-loop (ILI) and inter-whistle (IWI) 
intervals of signature whistle types identified through SIGID (Janik et al. in press) were determined. 
Geographic variation in the production of SWTs with different loop structure and duration was investigated.  
 
For most populations (7/10), a high proportion of the contours which grouped together using automated 
categorisation had a short temporal spacing (0.03 - 0.25 s), supporting the use of this time bracket as an 
identifier of disconnected multi-looped SWTs in both T. truncatus and T. aduncus. In the remaining three 
populations, no alternative time bracket was identified which could better be used to identify disconnected 
loops. Mean SWT ILI ranged from 0.1 - 0.15 s and showed a significant level of geographic variation 
between populations. No geographic difference was apparent in the IWIs. In each population the ILIs  were 
more consistently timed than IWIs, and the difference in coefficient of variation (COV) was significant 
across populations. There was geographic and species variation in the use of signature whistle types of 
different loop structure and duration with fewer T. aduncus populations using connected multi-looped SWTs. 
Signature whistle type contours of T. truncatus are significantly longer in duration than T. aduncus, 
suggesting that genetic and/or morphological factors may underlie this parameter. Differences in ILIs may be 
related to learned differences in signature whistle types. It seems likely that signals are adapted to facilitate 
transmission in a particular habitat and this might explain some of the intra-specific variation observed. 
However, further investigation (see Chapter 7), is necessary to better understand which factors best explain 
the species and population level differences found.   
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4.1. Introduction 
The signature whistle hypothesis arose from observations by David K. and Melba C. Caldwell in the 1960’s 
of captive dolphins and complemented earlier work which indicated that dolphin whistles were often used to 
establish vocal (e.g. Lang and Smith 1965) or physical contact between individuals (Caldwell et al. 1990). 
The Caldwell’s observed that each animal had a tendency to produce the same whistle in isolation or 
stressful situations. Although the whistle might vary slightly, for example the number and intensity 
increasing under mildly stressful situations, the basic structure would remain the same. They proposed that 
the basic information transmitted would be the identity of the animal doing the whistling (Caldwell and 
Caldwell 1968). This idea was supported in later studies by Sayigh et al. (1999) and Janik et al. (2006) using 
playbacks experiments with temporarily restrained animals to show that mothers and independent offspring  
respond more strongly to each other’s whistles than to a matched stimulus, a result which is based on the 
overall frequency modulation pattern of the contours and not voice cues (Janik et al. 2006).  
 
Throughout this chapter I adopt the term ‘contour’ to describe a continuous, narrow band sound longer than 
0.1 seconds in duration, containing breaks no greater than 0.03 s. The interval of silence between the end of 
one and the start of the next consecutive, non overlapping contour of the same type, is termed the inter-
contour interval (ICI). Where signature whistles are unknown, the terms contour and inter-contour interval 
are used. The repetitive elements of a signature whistle are termed ‘loops’. Common bottlenose dolphin (T. 
truncatus) produce signature whistles with different loop structure. They may be single element (one 
continuous unique structure: SE) or multiple-looped, where the same element is repeated.  Multi-loops may 
be connected (CML) or disconnected (DCML). In DCML, similar loops (elements) are repeated together 
with a relatively constant interval of no detectable sound (Esch et al. 2009b) (Chapter 2 Figure 2.2). Here the 
dolphin repeats both a section of whistle and an interval of silence (Caldwell et al. 1990). In cases where the 
frequency contour of whistle loops are dissimilar in structure (c.f. introductory and terminal loops) (Caldwell 
et al. 1990), whistles can be identified by repeated transitions (80% or higher) of constituent contours 
separated by 0.25 s or less  (Janik and Slater 1998, Esch et al. 2009b). The temporal patterning of contour 
production enables whistles to be distinguished from their constituent loops by the consistent timing of silent 
intervals between loops (Caldwell et al. 1990) and the larger and more variable spacing between whistles 
(Watwood et al. 2004, Esch et al. 2009b). Where likely signature whistles have been identified (either 
through SIGnature whistle IDentification, SIGID Janik et al. in press, or through recording isolated 
individuals), the terms loop (synonym element) and signature whistle type (SWT) are used in place of 
contour. Likewise the terms inter-loop interval (ILI, for disconnected multi-looped whistles only) and inter-
whistle interval (IWI) are used to describe the periods of between these units of sound production.  
 
Quantitative analysis of disconnected multi-loops reveals that values for inter-loop-intervals (ILI) are more 
normally distributed compared to the logarithmically distributed inter-whistle interval’s (IWI), the mean of 
the former being 0.1 s and the latter 17.1 s (Esch et al. 2009b).  However, these reported values are based on 
whistles recorded during capture-release events, when whistle rates are expected to be high (Esch et al. 
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2009a). In wild settings the difference between average ILI and IWI is likely to be greater, as whistling rates 
are lower and consequently IWI are expected to be longer (Esch et al. 2009a, Esch et al. 2009b).  
   
Whilst some animals produce their signature whistles in only a single element form, others may produce only 
connected or disconnected multi-looped whistles, and some can alternate between the forms (Esch et al. 
2009a, Esch et al. 2009b). Distinctive frequency modulation patterns sometimes apparent in the first and last 
loops of a whistle, termed introductory and terminal loops, can help to discriminate between one multi-loop 
whistle and several whistles of fewer loops (Caldwell et al. 1990). Dolphins may vary the number of loops 
per signature whistle, and in cases where the introductory and terminal loops differ from the central loops, it 
is generally the number of central loops which is varied (Sayigh et al. 1990). Within an individual, the mean 
number of repeated elements is positively correlated with increasing age, suggesting that maturation plays a 
role in the production of multi-looped whistles (Caldwell & Caldwell, 1979; Caldwell et al. 1990). 
Furthermore, the number of loops produced and loop duration can vary according to context, suggesting that 
loops encode information about the signaller’s motivational state (Esch et al. 2009a).  
 
Isolating disconnected multi-looped whistles in recordings of free ranging dolphins is problematic, 
particularly if several dolphins are whistling simultaneously. Studies investigating bottlenose dolphin 
vocalisations often define each continuous contour as a separate whistle unit (Schultz and Corkeron 1994, 
Azevedo et al. 2007). For studies where no reference is made to the treatment of silent periods between 
contours and individuals are not isolated, it can only be assumed that separate continuous contours are 
regarded as separate whistle entities (e.g. Steiner 1981, Rendell et al. 1999, Oswald et al. 2003, Boisseau 
2005, Morisaka et al. 2005b, a, Baron et al. 2008, May-Collado and Wartzok 2008, Quick and Janik 2008, 
Hickey et al. 2009). The result is that single element whistles and connected multi-loops are distinguished as 
vocal units, and each loop of a disconnected multi-loop is considered as a separate whistle. This can inflate 
the sample size of ‘whistles’, creating a biased sample consisting of separated loop contours with relatively 
simple structure. Alternatively, some authors apply a threshold time limit for silent periods between 
contours, below which contours will be combined and treated as one looped whistle (Sayigh et al. 2007, 
Hawkins and Gartside 2010). This can successfully join repeated elements of a disconnected multi-looped 
whistle. However, it may be problematic if 1) the threshold break period is too great, or 2) it is applied 
without prior objective categorisation to determine whether repeated loops are of the same contour structure 
or 3) without validation from known signature whistles (Sayigh et al. 2007). Caution must be taken to avoid 
erroneous joining of contours produced in rapid succession by the same or different individuals. 
Consideration of several defining criteria might be more successful in isolating whistles produced in quick 
succession. For example, Bazura-Duran and Au (2002) considered the time interval, frequency change, 
relative duration and amplitude differences to determine separate whistles in Stenella longirostris. However, 
applying multiple criteria is time consuming and not readily applied to large datasets.   
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Janik et al. (in press) were able to reliably identify signature whistles from freely interacting bottlenose 
dolphins using parameters of 0 - 0.25 s to identify consecutive, disconnected loops and 1-10 s to determine 
sequences of repeated signature whistle emissions. Stereotyped non-signature whistles were found to occur 
in temporal sequences with a short IWI of 0.25-1 s and may be characteristic of the vocal emissions of 
infants (Janik et al. in press). The inter-loop interval threshold of 0 to 0.25 s used to identify successive 
DCMLs is based on the emissions of common bottlenose dolphins (T. truncatus) from Sarasota, Florida and 
Duisburg Zoo, Germany (Esch et al. 2009b, Janik et al. in press). If there is geographic variation in the 
temporal patterning of loops and whistles, then the 0.25 second time interval might not be appropriate for 
accurate identification of signature whistle types from different populations and across species. For example, 
Jones and Sayigh (2002) showed that bottlenose dolphins have different vocal patterns at different 
geographic sites and warned against extrapolating from one population to another. Thus further investigation 
of inter-contour intervals from different populations is warranted.   
 
Production of multi-looped whistles with consistent and short inter-contour intervals could be an important 
component of the stereotyped nature of signature whistle production (Esch et al. 2009b) distinguishing them 
from more variable whistle types. For example, none of the less stereotyped whistles identified by Janik and 
Slater (1998) in a captive colony formed multi-loop whistles, whereas a high proportion of the signature 
whistle emissions from 3 out of the 4 dolphins studied were multi-looped. In Sarasota Bay, 78% of the 
animals catalogued use multi-looped signature whistles (Esch et al. 2009a, Esch et al. 2009b) demonstrating 
the importance of this form of signature whistle in freely interacting bottlenose dolphins. However, those 
studies which consider multiple looped signatures as discrete, functional units have been restricted to a small 
number of populations of T. truncatus (mainly Sarasota Bay, Florida, e.g. Sayigh et al. 1990, Cook et al. 
2004).We know little about the use of multi-looped whistles in T. aduncus or other populations of T. 
truncatus and to what extent they occur in the vocal repertoire of individuals.   
 
The overall form of a signature whistle may be influenced by learning environment (Miksis et al. 2002, Fripp 
et al. 2005), habitat characteristics (Morisaka et al. 2005a) and/or physiological or genetic parameters 
influencing production such as those relating to differences in cranial characteristics (Kurihara and Oda 
2007) or overall body size (Matthews et al. 1999, May-Collado et al. 2007b). Signature whistles are used as 
contact calls (Janik and Slater 1998) and any variation between populations could reflect alternative 
adaptations to facilitate long range communication within a particular habitat, termed the environmental 
adaptation hypothesis (Morton 1975, Date and Lemon 1993). Habitat-dependent selection on call 
characteristics may therefore lead to acoustic similarity among populations living in similar habitats, and 
divergence among populations in different habitats (Slabbekoorn and Smith 2002b).  
 
Environmental features such as depth, slope, sea bottom characteristics, obstacles in the sound path, ambient 
noise levels, temperature gradients, salinity, currents and sea state (Spiesberger and Fristrup 1990, 
Richardson et al. 1995, Janik 2000a) can all influence the absolute range a sound travels. Morisaka (2005a) 
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identified geographic variation in the whistles produced by three populations of bottlenose dolphins (T. 
aduncus). Whistles from the population experiencing the greatest background noise were less modulated and 
of a lower frequency than the populations inhabiting quieter areas. He suggested that this variation might be 
an adaptation to differences in the ambient noise of the habitats in which they reside. Extending signal 
duration may promote transmission in the presence of additional external sources of noise such as boat 
engines (Foote et al. 2004), although there is contrasting evidence for this in bottlenose dolphin 
communication (Buckstaff 2004, May-Collado and Wartzok 2008). Experiments in terrestrial environments 
have shown that trills (sounds with rapid repetitions of similar elements) with shorter element repetition rates 
have higher degrees of reverberation than those with slower repetition rates. The degree of reverberation can 
also accumulate over several elements in fast trills, being greater in those produced later in the sequence 
(Naguib 2003). Although the inter-loop interval in successive disconnected whistle loops is generally longer 
than that of fast avian trills e.g. 0.01s (Naguib 2003), compared to 0.1s (Esch et al. 2009b), it is possible that 
the inter-loop intervals of signature whistles produced in different habitats may be adapted to reduce 
reverberation from sound reflecting surfaces.  
 
Group size, behavioural context, stress, reproductive state and vessel approaches have all been shown to 
influence whistle rate in bottlenose dolphins (Caldwell et al. 1990, Jones and Sayigh 2002, Buckstaff 2004, 
Mello and Amundin 2005, Quick and Janik 2008, Esch et al. 2009a). Signal transmission can be improved by 
repeated production, which increases the chance that repetitions occur during a quieter period, and may allow 
the listener to extract more information from the call (Posada and Crandall 1998, Catchpole and Slater 2008). 
Morton (1975) suggests that in environments where sound transmission is difficult, selection may favour 
encoding of information in temporal components of sound signals. Birds in closed habitats such as densely 
vegetated forests avoid the use of rapidly modulated signals, use shorter notes and have more space between 
notes which potentially reduces reverberation (Badyaev and Leaf 1997). So whilst the number of repeated 
loops and loop duration of each whistle emission can vary according to behavioural context (Caldwell et al. 
1990, Esch et al. 2009a) and through maturation (Caldwell and Caldwell 1979, Caldwell et al. 1990), use of 
looped signature whistles might also reflect selection to enhance long range transmission and improve 
localisation probability (Caldwell et al. 1990). Furthermore, body mass may constrain the temporal 
characteristics of whistle production due to links between body size and sound producing structures. For 
instance, in birds, smaller species of warbler use shorter notes compared to larger species (Badyaev and Leaf 
1997).  
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4.1.2. Objectives 
Here I combine automatic categorisation in ARTwarp with sequence analysis to investigate the distribution 
of inter-contour intervals from 10 populations of freely interacting bottlenose dolphins. I address the 
following questions in this chapter: 
 
a) Is there geographic variation between populations in the inter-contour interval? Is an inter-loop interval of 
0-0.25 s appropriate for identifying disconnected multi-looped signature whistle types from geographically 
distinct populations of bottlenose dolphins?   
 
b) Is there geographic variation in inter-loop and inter-whistle intervals and how does the co-efficient of 
variation (COV) differ between these?  
 
c) Is there geographic variation in the production of signature whistle types with different loop structure? Are 
some populations more likely to use signature whistles with a single element structure, whilst others produce 
more multi-looped signature whistle types?  
 
d) Is there geographic variation in the duration of loops and continuous contours and might there be a trade 
off between the length of  the inter-contour interval and the continuous contour duration?  
 
4.2. Methods  
Data collection procedures, sub-sampling protocols and contour extraction are as described in Chapter 2. 
Data presented here were collected from 10 bottlenose dolphin populations (9 free ranging and 1 captive 
colony) over a range of group compositions and behavioural contexts. Tursiops truncatus populations 
include: USA: Florida (FL), UK: Scotland West Coast (SW) & Scotland East Coast (SE), New Zealand: 
Doubtful Sound (DS) and Dolfinarium Harderwijk (HW). Tursiops aduncus populations include: South 
Africa: Plettenberg Bay (PB), Tanzania: Zanzibar South (ZS) and Zanzibar North (ZN), Japan: Mikura (MK) 
and Australia: Jervis Bay (JB). Whilst effort was made to extract all contours within a recording section, 
contours of poor resolution e.g. those of low signal-to-noise ratio (SNR), masked or cut off due to the 
frequency resolution of the recording system, were not extracted or categorised. Thus only high quality 
sections from which all contours within a section could be extracted and there was high confidence in the 
resulting ICIs were used. Although this reduces the sample size, it increases confidence in the resulting ICIs 
which is necessary for fine scale investigation of inter-contour intervals.  
 
4.2.1. Geographic variation in the inter-contour intervals of bottlenose dolphins: is an ICI of 0.25 
seconds appropriate to determine disconnected multi-loops from multiple populations?  
Contours were categorised in ARTwarp using a vigilance parameter of 91 and were presented for 
categorisation recording section by section (see Chapter 2). Inter-contour intervals for sections were 
calculated using custom written MATLAB code. The ICI was calculated as the distance in time (seconds) to 
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the following contour of the same category, calculated from the end of one contour to the start of the next. 
Overlapping contours were removed and the ICI recalculated. The proportion of contours with ICIs falling 
into different time bins (0.03 up to 10 s) was calculated and presented as a proportion of the total ICIs for 
each population given that 0.03 s is the threshold used to define separate contours. Geographic variations in 
the inter-contour values were tested using non-parametric analysis of variance (Kruskal-Wallis Test, KW). 
 
4.2.2. Geographic variation in the inter-loop and inter-whistle intervals of bottlenose dolphin signature 
whistle types  
The SIGID method of signature whistle identification (Janik et al. in press) is based on observations of the 
temporal pattern of signature contour production in T. truncatus, which shows a bimodal distribution. 
Successive loops of disconnected multi-looped whistles are separated by short and stereotyped inter-loop 
intervals of < 0.25 s and signature whistles are produced with inter-whistle intervals of 1-10 seconds. Here I 
test whether there is population level geographic variation in the mean inter-loop and inter-whistle intervals 
of signature whistle types identified from freely interacting bottlenose dolphins using SIGID  (Janik et al. in 
press) (see Chapter 2 for further information on signature whistle type identification). Values of inter-loop 
intervals (0.03-0.25 s) and inter-whistle interval (1-10 s) were calculated for signature whistle types and 
compared across populations. The coefficient of variation was calculated for ILIs and IWIs to investigate 
temporal consistency in contour production.  
 
4.2.3. Geographic variation in the production of signature whistle types of different loop structure 
The presence of each signature whistle type as a single element, connected or disconnected multi-loop, was 
assessed. Connected multi-loops were assessed visually, as those contours with two or more complete 
repeated elements (Figure 2.2; Chapter 2, Appendix 2; plot B). Disconnected multi-loops were identified as 
those signature whistle types where consecutive contours of the same type (as defined via automated 
categorisation in ARTwarp) occurred with an inter-contour interval of 0.03-0.25 s (Figure 4.1). Each 
signature whistle grouping may contain contours occurring in a sequence of the same type, together with 
additional contours of the same type but not identified as occurring in a sequence of 1-10 seconds. To be 
confident of form presence, this analysis was restricted to only those contours which were identified as 
occurring in a sequence separated by inter-whistle intervals of 1-10 seconds. Supplementary data of known 
signature whistles (KSW) were available for Harderwijk and Florida and were included in this analysis to 
increase sample sizes for these populations. 
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Figure 4.1. Disconnected multi-looped contours in recordings of freely interacting bottlenose dolphins.  
A) Florida, Tursiops truncatus, B) Zanzibar North, Tursiops aduncus.  Both have inter-loop intervals of 
0.03- 0.25 seconds. 
 
4.2.4. Geographic variation in duration of loops and continuous contours from bottlenose dolphins  
Vocal production can be measured both in terms of the duration of the continuous contour, and as a function 
of loop duration. Loop duration is the total contour duration for single and disconnected multi-loops. For 
connected multi-loops, loop duration is calculated as a function of the total contour duration/number of 
repeated loop elements (Esch et al. 2009a). The mean duration of continuous contours and individual loops 
from each population was calculated for each signature whistle type and known signature whistle. Species 
and population level variation in these measures was investigated. Parameters were tested for normality and 
homogeneity of variance and if deviating from these states, geographic variations were investigated using 
non-parametric tests (Wilcoxon’s rank sum, WR and Kruskal-Wallis, KW).  
 
4.3. Results 
4.3.1. Geographic variation in the inter-contour intervals of bottlenose dolphins 
There was population level geographic variation in the inter-contour intervals between 0.03 and 10 s (KW:  
H9,1482 = 280.88, P < 0.0001) (Figure 4.2). Inter-contour values between 0.03 and 0.25 s were significantly 
different (KW: H9,616 = 92.39, P < 0.0001). However, there was no difference in ICIs values between 1 and 
10 s (KW: H9, 408 =  11.64,  P = 0.234). Overall, the 0.03 to 0.25 s ICI bin had the greatest proportion of all 
intervals for 7 out of the 10 populations studied. The inter-loop interval is a short period of silence between 
successive contours within a whistle type, and these data suggest that for most populations the inter-loop 
interval of 0.03-0.25 s is appropriate for reliable identification of disconnected multi-loops. This threshold 
bracket appears to fit the production of contours in Zanzibar North and Florida most well, with 64% of 
A 
B 
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contours falling into this time bin for both populations. For the West coast of Scotland, the time bin with the 
greatest proportion of inter-contour intervals was 0.25-0.50 s (19%), in Doubtful Sound 0.75-1 s (15%) and 
in Jervis Bay 2 to 3 s (17%). Although ICIs in bins below 1 s do not peak at 0.03-0.25 s for these three 
populations, the distribution of ICI values between 0.03 and 1 s is relatively even (SD: 2.6-5.2 s) compared 
to the other seven populations (SD: 3–32 s) in which the distribution of ICIs under 1 s are predominately in 
the 0.03-0.25 s bracket. The more even spread of ICI values does not support the assertion that an alternative 
inter-loop interval is more suitable for the detection of disconnected multi-loops in these three populations. 
For Jervis Bay, contours are produced with a greater ICI (e.g. mean ICI 1.84 s for Jervis Bay vs. 0.56 s ICI 
for Zanzibar North) which translates into infrequent use of disconnected multi-looped signature whistles in 
this population (see below).   
 
4.3.2. Geographic variation in the inter-loop and inter-whistle intervals of bottlenose dolphin signature 
whistle types 
In total, 87 signature whistle types from 10 populations were identified. Comparisons of inter-loop (0.03 - 
0.25 s) and inter-whistle (1 - 10 s) intervals were conducted for data pooled by population over 85 of these 
SWTs. Harderwijk and Doubtful Sound were omitted from the analysis of differences in inter-loop interval 
because the number of values was 5 or fewer (Siegal and Castellan 1988). This in itself demonstrates 
differences in the loop intervals between populations. The average ILIs of signature whistle types ranged 
between 0.1 (Florida) to 0.15 s (Zanzibar North), (Figure 4.4, plot A) and IWI between 2.43 s (Plettenberg 
Bay) to 3.74 s (Harderwijk) (Figure 4.4, plot B). When only signature whistle types were considered, the 
trend for ICIs identified above remains. There is significant geographic variation in the inter-loop interval 
(KW: H7,396 = 58.38, P < 0.0001),  but no such difference in the inter-whistle interval (KW:  H9,283 = 11.31, P 
= 0.255). All upper inter-quartile ranges for inter-whistle intervals (Figure 4.4, plot B) were below 5 s and 
whiskers were below 7 s, suggesting a fast repetition rate of signature whistles in all populations. 
Coefficients of variation were significantly higher for inter-whistle intervals, compared to inter-loop intervals 
(range IWI COV = 36.1-85.4 s, range ILI COV = 33.0 to 47.9 s, Student’s t-test: t-value1,16 = 5.47,  P 
<0.0001), demonstrating the temporal consistency of loop production.  
 
4.3.3. Geographic variation in the production of signature whistle types of different loop structure  
Single element, connected and disconnected multi-loops SWTs were identified using SIGID with contours 
automatically categorised in ARTwarp (91SS method). Furthermore, two non-identical disconnected multi-
loop signature whistle types were included in the dataset of known signature whistle types from Harderwijk 
and Florida. There was geographic variation in the loop structure of signature whistle types used between the 
populations (Table 4.1).  The use of connected signature whistle types was strongly related to species, with 
16 of the SWTs identified from populations of T. truncatus (32 % of the total SWTs identified from this 
species) being produced as connected multi-loops compared to just 5 for populations of T. aduncus (10 % of 
the total SWTs identified from this species). The reverse is true for disconnected multi-loops which were 
more frequently used by T. aduncus (30 SWTs, 61% of the total for this species) compared to T. truncatus 
(20 SWTs, 40% of the total for this species). For most populations, SWTs were more likely to occur as 
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single element than multi-looped, particularly in Doubtful Sound and Jervis Bay dolphins were multi-loops 
were infrequently produced (Doubtful Sound: n = 4 multi-looped SWTs,  Jervis Bay: n = 2 multi-looped 
SWTs).   
 
4.3.4. Geographic variation in duration of loops and continuous contours from bottlenose dolphins  
Overall T. truncatus produce SWTs with longer loop duration compared to T. aduncus populations (mean Tt 
loop duration = 0.6 s, ± SD 0.28 s, mean Ta loop duration = 0.43 s ± SD 0.18 s, WR:  W1,97 = 1671, P < 
0.01, Figure 4.3). The pattern for continuous contour duration was positively correlated to that of loop 
duration (Pearson’s correlation r = 0.71, P < 0.001), and also varied between the species (WR: W1,97 = 1719, 
P < 0.001). There was significant geographic variation in the duration of loop and continuous contours 
between populations (KW: loop H9,89 = 29.97, P < 0.001, continuous H9,89 = 22.7, P < 0.01). Overall 
Doubtful Sound had the longest loop duration (mean 0.85 s, ± SD 0.35 s) and Zanzibar North the shortest 
(mean 0.32 s, ± SD 0.09 s).  There was no intra-specific variation in the duration of continuous contours for 
T. truncatus (KW: H4,45 = 4.85, P = 0.3033), but the loops of SWTs from the Florida bottlenose dolphins 
were shorter than from Doubtful Sound (KW on intra-specific Tt comparisons of loop duration: H4,45 = 
10.98, P = 0.0268). Between T. aduncus populations, both continuous contour and loop duration were 
geographically variable, driven by the shorter duration contours in Zanzibar North compared to Jervis Bay 
(KW: continuous, H4,44 = 9.74, P = 0.045, loop, H4,44 = 13.11, P = 0.0107). For Harderwijk and Florida 
where known signature whistles were included in the sample of SWTs, there was no difference in the 
duration of contours (loop or continuous) between known signature whistles and SWTs identified through 
SIGID (Students t-test, P > 0.05 for all comparisons).   
 
Comparison of Figures 4.2 and 4.3 suggests an inverse relationship between the proportion of inter-contour 
intervals < 0.25 s and loop or continuous contour duration. When only signature whistle types were 
considered, the proportion of contours with an inter-contour interval of 0.03 - 0. 25s (i.e. disconnected loops) 
fell with increasing continuous contour duration (Equation: Prop  = -85 – 86 x continuous contour duration, 
r2 = 0.37, F = 4.74, P = 0.061)  (Figure 4.5). This suggests that whilst some populations produced 
disconnected multi-loops of short contour duration, others produced longer continuous contours and may 
have been spacing them with greater periods of silence in between.  
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Figure 4.2. Distribution of inter-contour intervals (ICI) between 0.03 and 10 seconds for 10 populations of 
bottlenose dolphins. ICIs between 0.03 - 1 s highlighted in colour. Population codes are: HW; Harderwijk, 
FL; Florida, SW: Scotland West Coast, SE: Scotland East Coast, DS: Doubtful Sound, PB: Plettenberg Bay, 
ZS: Zanzibar South, ZN: Zanzibar North, MK: Mikura: JB: Jervis Bay. Sample size (n) shown above each 
bar. 
 
Figure 4.3. Mean continuous contour and loop duration (± SD) of bottlenose dolphin signature whistle types 
from 10 populations. Known signature whistles are included in the Harderwijk and Florida samples. 
Population codes are HW: Harderwijk, FL: Florida, SW: Scotland West Coast, SE: Scotland East Coast, DS: 
Doubtful Sound, PB: Plettenberg Bay, ZS: Zanzibar South, ZN: Zanzibar North, MK: Mikura, JB: Jervis 
Bay. 
Inter contour 
interval (seconds)
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A) 
 
B) 
 
Figure 4.4. Distribution of A) inter-loop; 0.03-0.25 s and B) Inter-whistle; 1-10 s intervals for bottlenose 
dolphin signature whistles types. Sample size (n) and co-efficient of variation (COV) shown below each plot. 
Median (red) and inter-quartile (blue) ranges shown. Mean values displayed as a black point. Mean values 
not shown for HW or DS as n < 5.  Significant differences between populations apparent on plot A after 
Bonferroni correction indicated by a black line. Population codes are HW: Harderwijk, FL: Florida, SW: 
Scotland West Coast, SE: Scotland East Coast, DS: Doubtful Sound, PB: Plettenberg Bay, ZS: Zanzibar 
South, ZN: Zanzibar North, MK: Mikura, JB: Jervis Bay. 
 
n 2 62 6 20 1 32 58 156 58 12 
COV - 35.3 33.0 47.9 - 39.5 34.7 30.8 45.1  38.9 
n 13 19 40 49 24 19 5 29 31 64 
COV 62.5 61.3 71.9 68.3 69.9 85.4 36.1 71.4 56.2 68.0 
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Table 4.1. Structure of SWTs from 10 populations of freely interacting bottlenose dolphins. All SWTs were identified through automated categorisation and SIGID 
apart from SWT 5-9 in HW and 6-14 in FL (underlined) which include known signature whistles from temporary captures. Proportions for each SWT form are 
calculated from the total number of SWT per population. Non identical disconnected multi-loops indicated by ni.  
 
Harderwijk Florida Scotland  
West Coast 
Scotland 
East Coast 
Doubtful 
Sound 
Plettenberg 
Bay 
Zanzibar 
South 
Zanzibar 
North 
Mikura Jervis Bay SWT 
S C D S C D S C D S C D S C D S C D S C D S C D S C D S C   D 
1 - C - S C - S - D S - D S - - S - D S - D S - D - C - S - D 
2 S - - S - D S - D S - D S - - - C - S - D S - D S - D S - - 
3 S - - S - D S - - S - - S C - S - D S - D S - D S - D S - - 
4 S - D S - - S - D S C D S - - S - D S - D S - - S - D S - - 
5 S - - S - D    S - D S - - S - D - C - S - D S - D S - - 
6 S C - S  D    S - - - C - S - - S - D S - D S - D S - - 
7 S - D ni - C -    S - D S - - - - D    S - - S - D S - - 
8 S - - - C -    S - D S - - S - -    S - D S - - S - D 
9 S C - - C -    S - - S - - S - D    S - D S - D S - - 
10    - C D    - C - S - D S - D       S - - S - - 
11    - C -    S C D - C - - - D       - C D    
12    S - D    S - -    S - -       - C -    
13    S - -                         
14    - C Dni                         
%  
91 SS 
89 33 22 57 50 50 100 0 75 92 25 58 82 27 9 75 8 67 83 17 83 100 0 78 75 25 67 100 0 20 
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Figure 4.5. Regression of continuous signature whistle type (SWT) contour duration averaged over 
population against the proportion of SWT inter-contour intervals between 0.03 and 0.25 seconds in duration 
for 10 populations of bottlenose dolphins.   
 
4.4. Discussion 
In their 1990 review of signature whistles in bottlenose dolphins, Caldwell et al. (1990) argue that ‘when 
one works in depth with the whistles of individual animals,  the question of whether loops separated by 
intervals of silence are separate whistles almost always ceases to be a problem’. This, they emphasise,   is 
because of the more consistent timing of the intervals between loops compared to intervals between whistles.   
The lower COV for inter-loop-interval versus inter-whistle interval of SWTs supports this statement and 
reflects previous findings (Esch et al. 2009b). However discerning loops from whistles is not always 
straightforward (Smolker and Pepper 1999), particularly when investigating signature whistle use in 
recordings of free ranging animals.  Here several individuals might be whistling at once (c.f. Plettenberg 
Bay), and signature whistles might be structurally similar (c.f. Zanzibar North and South). Consequently, the 
literature on whistle production and discrimination in bottlenose dolphins can be divided into those studies 
which account for disconnected multi-loops (e.g. Caldwell et al. 1990, Janik and Slater 1998, Watwood et al. 
2004, Mello and Amundin 2005, Sayigh et al. 2007, Fripp and Tyack 2008, Esch et al. 2009a) and those 
which do not (e.g. Oswald et al. 2003, Morisaka et al. 2005b, Oswald et al. 2007, Baron et al. 2008). Such 
methodological differences impede interpretation of (signature) whistle parameters across studies.  
 
In all populations, and particularly Scotland West coast, Doubtful Sound and Jervis Bay, there are 
stereotyped contours occurring with a temporal pattering between 0.25 and 1 s, the function of which 
remains unclear. However, for most populations, investigation of the temporal patterning of contours lends 
support to using the 0.25s criteria to define an inter-loop interval in SWTs. Based on this, SIGID (Janik et al. 
in press) was used to help identify disconnected multi-loops in recordings from freely interacting bottlenose 
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dolphins. DCML signature whistle types were found in all populations, supporting previous observations that 
they are integral forms for signature whistle types (Caldwell et al. 1990, Esch et al. 2009b). Combining 
elements to form units of production is common throughout the animal kingdom, for example in bird song or 
whale themes (Winn et al. 1981, Catchpole and Slater 2008). Therefore, reliable identification of these units 
is a necessary prerequisite for any meaningful investigation of variation in functional calls. 
 
Dolphins may encode information in the number and temporal patterning of successive loop emissions 
(Caldwell et al. 1990, Esch et al. 2009a).  By overlooking the occurrence of disconnected multi-loops (e.g. 
Smolker and Pepper 1999, Oswald et al. 2003, Baron et al. 2008) the complexity apparent in signature 
whistle types is underestimated and one risks studying a unit of vocal production which is not functionally 
meaningful (Harley 2008). Esch et al. (2009b) suggested that the interval of silence in disconnected multi-
loop whistles might act as another individualistic characteristic. This might be expected in populations with 
low contour diversity, such as Zanzibar North and South (Chapter 2). Furthermore, shortening or increasing 
the ILI of a whistle in a bout may be indicative of emotional response (Esch et al. 2009a).  
 
Two disconnected multi-looped whistles with non-identical loops were represented in the known signature 
whistle types from Florida and Harderwijk, supporting previous observations of signature whistle structure 
(Caldwell et al. 1990, Sayigh et al. 1990, Sayigh 1992).  However, this form may be under-represented in 
recordings from free ranging animals. They might not be identified using the necessarily strict criteria 
applied here, which is based on observations of signature whistle production in captive animals (Janik and 
Slater 1998), especially as introductory and terminal loops are reportedly less stereotyped compared to 
central loops (Buck and Tyack 1993) and thus might not form a cohesive group when categorised. Further 
investigation of the features of non-identical DCML from captive animals or temporarily restrained dolphins 
from Florida might help to fine tune a method to better identify these whistle types in recordings from free 
ranging populations.  Additionally, acoustic tags (Johnson and Tyack 2003) or localisation (Quick et al. 
2008) might be useful approaches to ascribe these calls to a specific signaller in wild animals.  
 
As whistles may be amplitude modulated, the apparent connectivity between disconnected multi-looped 
whistles might be influenced by the recording condition (Watwood et al. 2004, Esch et al. 2009b). The 
source level of whistle production and signal to noise ratio, combined with the recording settings (gain) and 
analysis settings i.e. dynamic range of the spectrogram, will all influence  whether a faint section of the 
whistle will be detected (Watwood et al. 2004).  Furthermore, the frequency at which a break occurs within 
the whistle might influence whether there is masking (e.g. if breaks are at a low frequency point and masked 
by boat noise) or attenuation (if breaks are at the high frequencies) of low amplitude connections. 
Consequently, we might expect to see a higher proportion of apparently disconnected multi-loops in 
recordings of wild vs. captive or tagged animals as the distance between the animal and the hydrophone is 
more variable and masking and/or attenuation are more likely.  
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Mean loop duration for T. truncatus and T aduncus populations are within the values of 0.3 - 0.5 s reported 
for most T. truncatus by Caldwell et al. (1990). This duration fits with the reported ability of T. truncatus to 
discriminate familiar signature whistles within 0.45 s (Caldwell et al. 1971a, reviewed in Caldwell et al. 
1990). However, this value is based on a single T. truncatus dolphin and more recent evidence suggests that 
the entire whistle, i.e. a combination of loops produced together as a unit, is necessary for accurate 
discrimination (Harley 2008). The mean loop duration of some T. aduncus populations falls considerably 
below this 0.45 s threshold, for example in Zanzibar North the mean loop duration is 0.32 s. The production 
and discriminatory capabilities of T. aduncus are still to be tested and it is possible that there are species 
differences in these capabilities which enable T. aduncus to process contours of shorter duration.  
 
Social animals need to keep in contact, and ‘contact calls’ are important call types in animal communication 
systems (Poole et al. 1988, Wanker et al. 1998, Illmann et al. 2002, Cortopassi and Bradbury 2006) . Contact 
calls are particularly necessary in environments where animals are widely dispersed and visual 
communication is difficult. For signature whistles to be effective as contact calls, features which promote 
reliable, long range, signal transmission and minimise degradation within a particular habitat may be 
selected. The differences observed in the mean loop and connected contour durations might be adaptations to 
facilitate long range communication. For example, Caldwell et al. (1990) argue that a multi-looped whistle is 
more attention grabbing and more easy to localise. In tests, Caldwell et al. (1971b), found that a dolphin can 
localise a 5 s pure tone better than a 1 s one. Therefore, localisation ability is increased by producing longer 
duration whistles. May-Collado et al. (2007a) argue that species which have a more open social structure, 
where long distance communication is necessary, have longer duration and lower frequency calls. Shorter, 
higher pitched whistle contours are characteristic of dolphins in larger social groups. However, these features 
are not well supported in the whistles identified here, as the species with the longest duration calls T. 
truncatus are whistling at higher frequency (results reported in Chapter 6). Therefore, further investigation is 
required to better understand the links between social structure, whistle duration and frequency parameters 
(Chapter 7).  In environments with many sound reflecting surfaces, the interval between repeated elements 
may be extended to reduce signal degradation caused by reverberation (Naguib 2003). This could explain the 
patterns in ICI and structure of SWTs from the Doubtful Sound Fiordland population where reverberation is 
likely due to the hard substrate and perhaps also in the shallow waters of Jervis Bay, where surface and 
bottom reflections might increase reverberation. In both populations, discrete single element SWTs were 
favoured over connected multi-loops or fast repetitions of disconnected loops.   
 
There is a high degree of temporal co-occurrence of stereotyped contours in each population and most 
signature whistle types were followed by another within 5 seconds. Temporal patterning in common in 
contact calls (Cheney et al. 1996) and can optimise information transfer by reducing the possibility that 
environmental conditions alter between repeated transmissions of the same call type (Catchpole and Slater 
2008). As whistles may be used to maintain group cohesion over long distances (Janik 2000a), the repeated 
production demonstrated here will help to maintain contact between individuals separated at sea and may 
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facilitate fusion between mother and calves (Smolker et al. 1993) or pods of bottlenose dolphins (Quick 
2006). However, longer inter-whistle intervals are likely to be under-represented in this analysis. The longer 
the pause between successive whistles, the greater the chance that the following whistle will be missed, e.g. 
due to the animal moving away from the hydrophone. Therefore, producing whistles at longer inter-whistle 
intervals may still be effective for maintaining contact at sea, but this was not readily detected using the 
methods applied here.  
 
In an ideal scenario, parameters such as inter-loop and inter-whistle interval would be calculated per SWT of 
each individual, so that the individual is the unit of comparison (e.g. Caldwell et al. 1990, Esch et al. 2009b). 
However, in the ILI and IWI analysis this was not possible as the number of inter-contour intervals in each 
time bin was too low for some populations and as a compromise the interval values from most (98%) SWTs 
were pooled to create a representative sample. The geographic variation in the inter-loop interval cannot be 
explained by differences in species, habitat characteristics or body size (see Chapter 7) and the greatest 
differences were between Florida and Plettenberg Bay and Zanzibar North. Learned differences in signature 
whistle production may explain this variation (Miksis et al. 2002, Fripp et al. 2005), resulting in greater 
similarity in loop production within a population. The relationship between continuous contour duration and 
short inter-contour intervals suggests a trade off in production, with short contours produced in quicker 
succession compared to longer calls. However, this relationship may be driven by a few populations and a 
larger sample size is required to test this more thoroughly.   
 
4.5. Summary 
This chapter has highlighted the importance of applying uniform criteria to define whistles between 
populations, as subtle differences, particularly with regard to the treatment of disconnected multi-loops, have 
the potential to substantially influence our understanding of the whistle parameters reported from 
populations. I have demonstrated that in most cases, the inter-loop interval of 0.25 s is appropriate to identify 
disconnected multi-loops. Geographic variation in the production and form of signature whistle types has 
been highlighted and further investigation into the causes of this variation will be conducted in the following 
chapters.  
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_______________________________________________________________________________________
CHAPTER 5 
 
 
Mitochondrial genetic diversity and phylogenetic relationships in Bottlenose dolphins (Tursiops spp.) 
_______________________________________________________________________________________ 
 
Abstract 
The bottlenose dolphin (Tursiops spp.) is one of the best studied of all the Cetacea. However, there remains 
continued debate surrounding the number of Tursiops species recognised and the phylogenetic relationships 
between populations from which we have genetic information. There are currently two species accepted, 
Tursiops truncatus and Tursiops aduncus, although it is likely that more will be recognised in coming years. 
This chapter investigates the genetic differentiation between 9 populations of bottlenose dolphins (4 
recognised as T. truncatus and 5 recognised as T. aduncus) and compares levels of diversity between 
populations.   
 
Using 328 bases of the mtDNA control region, I found high levels of population differentiation (FST and φST) 
within the genus Tursiops, which could not be fully explained by either species distinctions or isolation by 
distance. Analysis of molecular variance (AMOVA) showed that the variation between species was not 
greater than that within species. The haplotype network and neighbour-joining trees demonstrated that T. 
truncatus populations cluster together with South and East African T. aduncus, whereas T. aduncus from 
Asia and South East Australia form a separate cluster. Data from twelve newly sequenced individuals 
sampled from Plettenberg Bay (South Africa) suggests that there is a greater degree of differentiation along 
the South African coastline than has previously been reported. This study highlights the importance of 
thoroughly investigating inter- and intra- specific differentiation when investigating relationships within 
Tursiops and demonstrates the need for further work, using multiple molecular markers, to help better 
understand this genus.      
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5.1. Introduction 
The bottlenose dolphin (Tursiops sp.) is one of the best studied of all the Cetacea. However, there remains 
continued debate surrounding the number of Tursiops species recognised and the phylogenetic relationships 
between populations from which we have genetic information. In the past as many as 20 different Tursiops 
species have been identified (Hershkovitz, 1966, cited in Natoli et al. 2004). In 1990, Ross and Cockcroft re-
assessed the genus  in relation to variations in morphology and recognised only Tursiops truncatus. More 
recently, the development of genetic techniques in concert with convincing morphological and osteological 
data, has helped to elucidate variation in the genus at the species and population level (Ross 1977, Wang et 
al. 1999, Hale et al. 2000, Wang et al. 2000, Möller and Beheregaray 2001, Shirakihara et al. 2003, Kemper 
2004, Natoli et al. 2004, Kurihara and Oda 2007).  At least two species of bottlenose dolphin, T. truncatus 
and T. aduncus, are now widely accepted (Rice 1998, Wang et al. 1999).   
 
The common bottlenose dolphin (T. truncatus) has a global distribution in temperate and tropical waters. Its 
congener, T. aduncus is found in the Indo-Pacific region, with a distribution that extends to the sub-tropical 
waters of the western South Pacific ocean (Möller and Beheregaray 2001).  T. aduncus and T. truncatus are 
known to occur both in parapatry (Hoelzel et al. 1998) and sympatry (Wang et al. 1999, Amir et al. 2005b).  
The only location where both species are consistently sympatric is in Chinese waters (Wang et al. 1999 and 
references therein, Yang et al. 2005). No genetic interchange is apparent between the species in this region, 
indicative of reproductive isolation and true speciation (Yang et al. 2005). This suggests that selective forces 
are preventing inter-specific copulations which are otherwise successful in captive facilities (e.g. uShaka Sea 
World, Durban, South Africa, see Best 2007 for discussion).   
 
T. truncatus is the larger of the species, with average body lengths of 279-313 cm compared to 225-239 cm 
in T. aduncus (Hale et al. 2000). In some parts of their distribution T. aduncus exhibit ventral speckling 
(Wang et al. 2000), although this varies with region (Möller and Beheregaray 2001). The size of skull 
(greater in T. truncatus), number of vertebra (greater in T. truncatus), and number of teeth (greater in T. 
aduncus), are morphological characteristics that can be used to separate these species (Hale et al. 2000, 
Kemper 2004, Kurihara and Oda 2007).   
 
Significant population level genetic differentiation has been found between coastal populations of both 
Tursiops species using both mitochondrial DNA (Dowling and Brown 1993, Parsons et al. 2002, Natoli et al. 
2004, Natoli et al. 2005, Bilgmann et al. 2007, Tezanos-Pinto et al. 2009) and microsatellite data (Natoli et 
al. 2004, Bilgmann et al. 2007, Natoli et al. 2007, Islas-Villanueva 2009). Within T. truncatus, clear genetic 
differences are apparent between geographically contiguous populations (Natoli et al. 2005) and between 
inshore and coastal populations that show mixing (Sellas et al. 2005).  Both males and females exhibit some 
degree of natal site philopatry, which may act to limit gene flow between inshore populations (Krutzen et al. 
2004, Natoli et al. 2005, Sellas et al. 2005). 
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Coastal and offshore/pelagic ecotypes of T. truncatus exist which show differentiation, with genetic diversity 
greater in offshore populations compared to coastal populations (Hoelzel et al. 1998, Natoli et al. 2004, 
Parsons et al. 2006, Segura et al. 2006). This may be indicative of previous founder events if pelagic 
populations were the source of coastal groupings (Hoelzel et al. 1998, Natoli et al. 2004). Alternatively the 
level of dispersal could be greater for offshore dolphins compared to the relatively isolated inshore 
populations (Hoelzel et al. 1998). Pelagic populations are able to maintain high gene flow over very large 
distances.  Using mtDNA markers, Querouli et al.  (2007) found low levels of population differentiation 
between pelagic North East and North West Atlantic populations and suggested that a single oceanic 
population exists in the mid-latitude pelagic waters of the North Atlantic Ocean. Recent investigation of 
common bottlenose dolphin ecotypes, also using mtDNA, suggested that the occurrence of inshore ecotypes 
is restricted to the Western North Atlantic. Elsewhere differentiation is not based on phylogeographic 
differences and does not follow the inshore/offshore ecotype paradigm (Tezanos-Pinto et al. 2009). 
Interestingly, in the Indo-Pacific region, T. aduncus often fulfils the same ecological niche as the inshore 
ecotype of T. truncatus (Tezanos-Pinto et al. 2009), which may go some way to explaining confusion 
surrounding the taxonomic status of this genus. 
 
The current status of T. aduncus as a species remains somewhat unclear. Natoli et al. (2004) found that the 
South African ‘aduncus’-type dolphins represent an independent lineage from both the ‘truncatus’-type 
populations and the Chinese ‘aduncus’ animals and suggest re-classification of the Chinese aduncus-type 
dolphins. Should the taxonomic status be revised,  a shared haplotype between the South African T. aduncus 
and the T. aduncus holotype supports the argument that South African T. aduncus should  retain the species 
name and another name should be given to the Western Pacific/ South East Asian animals (Perrin et al. 
2007). South African type aduncus dolphins are known to occur at least as far north as coastal Zanzibar 
(Särnblad et al. 2011). Significant population structure between northern and southern Zanzibar has been 
identified (FST 0.19, φST 0.31), indicating limited exchange between these geographically neighbouring 
locations.  This differentiation is considerably higher than that between South Zanzibar and South Africa, 
suggesting a common founder population or recent range expansion linking South African and South 
Zanzibar T. aduncus. Furthermore, there is evidence to suggest that South African T. aduncus are more 
closely related to T. truncatus than they are to the western Pacific Ocean T.  aduncus  (Särnblad et al. 2011).  
 
In contrast, Möller and Beheregaray (2001) found low levels of sequence divergence between South East 
Australian and Chinese T. aduncus, suggesting a recent divergence of these coastal populations. However, 
significant genetic differentiation between these regions remains and no shared haplotypes have been 
identified between them (Möller and Beheregaray 2001, Yang et al. 2005). Unlike Southern African T. 
aduncus, SE Australian and Chinese T. aduncus  are clearly  separated from T. truncatus and comparisons by 
both Yang et al (2005) and Möller and Beheregaray (2001) identified two monophyletic clades containing 
only truncatus or aduncus type haplotypes.  
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The large levels of genetic differentiation among regional populations of Tursiops suggests a high potential 
for speciation within this genus (e.g. Natoli et al. 2004, Charlton et al. 2006) . There is growing evidence that 
T. truncatus and T. aduncus are not monophyletic, with the aduncus type having a closer relationship to 
Stenella and Delphinus than to truncatus types(LeDuc et al. 1999, Charlton et al. 2006). In some regions, the 
genetic picture is so confused that it is difficult to assign the population to either aduncus or truncatus 
species. This is the case in Shark Bay, Western Australia, where the resident population is simply referred to 
as Tursiops sp. in the literature (e.g. Krutzen et al. 2004,  Krutzen pers. comm.). A new taxon may soon be 
recognised in the Black Sea , where cranial measurements and mtDNA data lend support to the suggestion 
that bottlenose dolphins there should be classified as a subspecies of the common bottlenose dolphin; 
Tursiops truncatus ponticus (Viaud-Martinez et al. 2008). Furthermore there is strong multi-gene evidence to 
suggest that at least one bottlenose dolphin population previously described as T. truncatus may in fact 
represent a new Truncatus species or even genus (Charlton et al. 2006, Moller et al. 2008).   
 
A summary of the current genetic the current information available for each research population is presented 
below (Table 5.1).The FST is the standardised variance in allele frequencies across subpopulations and ranges 
from 0 (panmixia- free mixing among all subpopulations) to 1 (complete isolation between subpopulations) 
(Hoelzel 2002). The other estimate of population differentiation used, φST  was calculated using the Tamura-
Nei genetic distance model (Tamura and Nei 1993) which takes into account haplotype frequency and 
genetic distance but works on the same 0-1 scale. Although there are several studies which investigate intra-
specific, population level genetic differentiation in Tursiops, few have assessed the genetic distance between 
several populations of both T. truncatus and T. aduncus (see Natoli et al. 2004 for example) and there is no 
comprehensive study which determines population differentiation between all nine research populations of 
Tursiops spp. from which we have acoustic data (Chapters 2-4, 6-7). This is a necessary pre-requisite for 
investigating how acoustic variation relates to genetic and geographic distance in bottlenose dolphins.  
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5.1.2. Objectives 
This chapter compares newly sequenced data from Plettenberg Bay, South Africa, with data collated through 
GenBank and personal communications, to investigate genetic differentiation between 9 free ranging 
populations from which acoustic data are available. The objectives are summarised as follows: 
 
1) Report on newly sequenced mtDNA data from Plettenberg Bay, South Africa.  
 
2) Investigate population differentiation and genetic diversity in South and East African populations of T. 
aduncus.  How should the South African data be treated in further analysis? i.e. is there support for combing 
data from Plettenberg Bay with the South Africa migratory population identified by Natoli et al. (2007) or do 
samples from all along the South African coastline better represent the Plettenberg Bay region?  
 
3) Determine pairwise measures of genetic differentiation between each research population using both FST,  
and φST  measures of genetic distance. Are species distinctions (T. truncatus vs. T. aduncus) correlated to the 
distance measures?  
 
4) Compare the genetic diversity of Tursiops populations using both gene and nucleotide measures.  
 
5) Investigate isolation by geographic distance in Tursiops and test whether the molecular variance between  
populations which are geographically close together is smaller than those which are farther apart using 
analysis of molecular variance (AMOVA).  
 
6) Visualise the relationships in mtDNA between populations using a haplotype network and neighbour-
joining tree.  
 
5.2. Methods 
5.2.1. Genetic diversity and divergence between 9 free ranging populations of bottlenose dolphin 
(Tursiops spp.)   
Sequences of mitochondrial control region DNA were obtained either through GenBank 
(http://www.ncbi.nlm.nih.gov/genbank/) or personal communications with researchers (Appendix 5). Skin 
samples were either collected from stranded or bycaught animals or taken from live animals using biopsy or 
faecal sampling. The method of sample collection is indicated in Appendix 5. In total, samples from 303 
individuals were represented from the following populations: T. truncatus Florida, Scotland West Coast, 
Scotland East Coast, Doubtful Sound, T. aduncus South Africa, Plettenberg Bay, Kwazulu-Natal (KN) south 
coastal stock, KN north coastal stock, KN migratory,  Zanzibar South,  Zanzibar North,  Mikura, Asia and 
Jervis Bay (Figure 5.1).    
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Figure 5.1. Locations of populations from which genetic data were collated, showing the number of 
sequences used from each. Populations of Tursiops truncatus (shown underlined) include: Florida (FL), 
Scotland West Coast (SW), Scotland East Coast (SE) and Doubtful Sound (DS). Tursiops aduncus 
populations include: South Africa region (SA), Plettenberg Bay (PB), Kwazulu-Natal north coastal stock 
(SAKNNC), Kwazulu-Natal south coastal stock (SAKNSC), South Africa migratory (SAMG), Zanzibar 
South (ZS), Zanzibar North (ZN), Mikura (MK), Asia region (AS) and Jervis Bay (JB). 
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Table 5.1. Summary of genetic trends apparent in each research population 
Population (spp.)   
& source 
Summary of current status of genetic knowledge. 
Florida (Tt)  
Sellas et al. (2005) 
• Both males and females exhibit some degree of natal site philopatry which  may result in structuring between inshore populations  
• Little interbreeding between Sarasota Bay and those from the adjacent coastal area which are ecologically and morphologically distinct.  
Scotland West 
&  East (Tt) 
Parsons et al. (2002) 
Islas-Villanueva (2009) 
• Significant levels of genetic differentiation between East and West coasts (FST 0.52,  φST  0.86).  
• East coast has low levels of genetic diversity (mitochondrial  & microsatellite) compared to other UK sites .  
• Higher mitochondrial gene flow apparent between the Scottish East Coast population and Wales than between the East coast and West 
coast of Scotland.  
Doubtful Sound (Tt) 
Tezanos-Pinto  et al. 
(2009) 
• Restricted gene flow and significant levels of population structure among New Zealand coastal populations.  
• Genetic diversity greater than expected and suggests that long distance gene flow may be mediated by pelagic sources.  
• More divergent from populations described as inshore ecotypes than from offshore forms 
Plettenberg Bay/ South 
Africa (Ta)  
Goodwin et al. (1996) 
Natoli et al. (2004) 
Natoli et al. (2007) 
• South African ‘aduncus’ type animals represent an independent lineage from both other truncatus-type populations and Chinese T. 
aduncus.  
• Several coastal populations or stocks of T. aduncus along the south east Africa coastline, characterised by contrasting movement patterns 
and group sizes, but with low levels of genetic differentiation.   
• Migratory groups are large and may include those passing through Plettenberg Bay 
Zanzibar North & 
South  (Ta)  
Amir et al. (2005b) 
Särnblad et al. (2011) 
• Both T. aduncus and T. truncatus are found in the waters off Zanzibar with T. aduncus the more coastal of the two species. 
• Significant variation (φST  0.31) partitioned between Northern and Southern Zanzibar, indicating limited exchange of reproducing 
females over a short distance (ca. 80km). 
• Little difference (4%) between South coastal Zanzibar and South African T. aduncus (ca. 3000km apart)  
• MtDNA shows a closer relationships to South African T. aduncus and to T. truncatus than to aduncus in the western Pacific. 
Mikura (Ta)  
Kakuda (2002) 
• Genetic and morphometric data suggests that the Mikura dolphins are T. aduncus.   
• Have a closer affinity with the Chinese aduncus form than the geographically closer truncatus-type found in Japanese waters.  
Jervis Bay (Ta)  
Möller and Beheregaray, 
(2001), Yang (2005) 
• Low levels of sequence divergence between T. aduncus haplotypes from SE Australia and Chinese waters, suggested a recent 
divergence.  
• However, significant genetic divergence between Chinese and Australian aduncus remains, with no shared haplotypes between them.   
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5.2.2. MtDNA sequencing of Plettenberg Bay skin samples 
A 660 base section of the mtDNA control region from 12 skin samples was sequenced from a population of 
bottlenose dolphins biopsied from Plettenberg Bay, South Africa (34.02˚ South 23.42˚ East). Skin samples 
were collected between 5-27th of May 2008 by Cockcroft, Browning and Penry, Centre for Dolphin studies, 
(Plettenberg Bay, South Africa), using a crossbow and modified darts. They were stored frozen prior to 
sequencing. All sequencing was carried out at the University of Central Florida by Dr Chris Parkinson and 
Håkon Kalkvik using protocols and primers (Rev, Le Duce, 1999,  F2 Islas-Villanueva, 2009) as described 
by Islas-Villanueva (2009) (Appendix 6a). Following sequencing, a FASTA file containing the sequence 
information was released by Parkinson for use in this study.  
 
5.2.3. Alignment  
Sequence alignments were performed using BioEdit version 7.0.5.3 (Hall 1999). After trimming this resulted 
in 338 bp section of the control region for T. truncatus and a 368 bp section for (T. aduncus). These were 
used for intra-species comparisons. For inter-specific comparisons between T. truncatus and T. aduncus we 
used a 328 bp section.  Unique haplotypes were identified for both intra and inter specific comparisons using 
COLLAPSE 1.2 (Posada and Crandall 1998).   
 
5.2.4. Population structure 
The population of bottlenose dolphins passing through Plettenberg Bay is considered migratory, and is 
composed of several thousands of animals which travel in characteristically large groups (Phillips 2006, 
Reisinger and Karczmarski 2010). This population may include the migratory animals sequenced by Natoli 
et al. (2007, Natoli pers comm.) which travel along the South African coastline from Plettenberg Bay to 
southern KwaZulu-Natal (Peddermorse, 2004). Natoli et al. (2007) also sequenced data from southern and 
northern KwaZulu-Natal coastal stocks. Therefore, as a first step in analysis, the newly sequenced data from 
Plettenberg Bay (SAPB) were compared to other data from South (Natoli et al. 2007) and East Africa 
(Särnblad et al. 2011) to investigate genetic differentiation along this coastline and assess how to treat these 
data in subsequent comparisons. Comparisons were made between the South African migratory (SAMG) 
population, South Africa Kwazulu-Natal (SAKN) southern (SC) and northern (NC) coastal stocks and north 
and south coastal Zanzibar. Similarly, since only very few data (n = 3 individuals, one haplotype), were 
available for Mikura (Japan), these data were combined with that from China and Taiwan to create an Asia 
region (n = 34). The analysis was carried out twice, using either Mikura or the Asia region in distance and 
diversity calculations. 
 
Genetic diversity within each region was estimated for both haplotypic (h) (Nei 1987) and nucleotide (π) 
(Tajima 1983) diversity.  Intra and inter specific genetic divergence was investigated at varying spatial scales 
by calculating pair-wise FST (Wright 1965) and φST measures of distance in ARLEQUIN 3.1 (Excoffier et al. 
2005) and testing for significance using 110 permutations. Bonferroni corrections for multiple testing were 
applied to the significance values to correct for multiple comparisons.   
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The relationship between genetic divergence and geographic distance was tested for both FST and φST 
measures of divergence. Pairwise geographic distances were calculated between each research population 
using the Google Earth ruler function (http://earth.google.com). All distances were estimated as the 
minimum distance across water and were calculated taking into account the current distribution pattern of 
bottlenose dolphins (Stone 1998, Hammond et al. 2008b, Hammond et al. 2008a). Therefore no route was 
calculated further north than 62.5 degrees (the Faroe Islands), or further south than 48 degrees ( ~ 300km 
south of the Doubtful Sound, New Zealand). Each distance was measured three times and averaged (error as 
standard deviation = 1.6 km - 331.8 km).  Isolation by geographic distance (IBD) was investigated using 
linear regression of geographic distance against genetic distance highlighting intra- and inter-specific 
distance measurements and across all populations of Tursiops. IBD and correlations between FST and φST 
were tested using Mantel tests (Mantel, 1967) and permutation tests for significance using 999 permutations.   
Both measures of genetic differentiation were compared to a binary matrix representing intra- and inter- 
specific distance (matrix value of 1s denoting intra specific distance and 2s for inter-specific distance), to test 
whether differentiation was lower within or between species using Mantel procedures. 
 
Structuring between populations was investigated using AMOVA (Analysis of Molecular Variance) in 
ARLEQUIN (v 3.1) (Excoffier et al. 1992) . This was based on the haplotype frequency data (FST) and 
significance was tested using a permutation approach (n = 1023) which eliminates the normality assumption 
usually associated with ANOVA. The AMOVA was structured with a priori groupings to investigate 
variation at the species, group and population level. In the T. aduncus comparisons, South and North 
Zanzibar were grouped together as a region, whilst all other T. aduncus populations were grouped separately. 
For comparisons of T. truncatus, Scotland West and East coasts were put together as a regional group and all 
other populations grouped separately. In both cases, grouping decisions for regions were based on the close 
geographic proximity of populations (ca. 117 km Zanzibar, 472 km Scotland) and re-sightings of identified 
individuals between populations demonstrating the potential for interbreeding (Särnblad et al. 2011, 
Thompson et al. 2011, Gridley and Öhman, unpublished data).  For inter-specific comparisons, grouping 
decisions were based on species assignments, i.e. either T. truncatus or T. aduncus. A network was 
constructed in TCS (Clement et al. 2000) to illustrate the evolutionary steps between haplotypes. Several 
versions were tried and the network which best suited the data was calculated with a connection limit fixed 
to 10 steps and by setting the presence of gaps as a fifth state. Finally phylogenetic relationships between 
haplotypes were visualised with a neighbour-joining tree (Saitou and Nei 1987) constructed in MEGA 4.0 
(Tamura et al. 2007) using the p-distance. Confidence levels for the nodes in the resulting tree were assessed 
by means of 1000 bootstrap replicates (Felsenstein 1985). Two Orcinus orca haplotypes were included as 
out groups (GenBANK accession numbers: DQ851148 and EU714135) 
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5.3. Results 
5.3.1. Plettenberg Bay mitochondrial DNA 
In total, a 586 base pair length of mtDNA control region was sequenced from 12 T. aduncus individuals 
biopsied in Plettenberg Bay.  Three sites were polymorphic (< 0.01%) identifying four haplotypes. Of these, 
two haplotypes occurred in more than one individual (PBHAP_03, n=4 and PBHAP_04, n=6)  (Table 5.2., 
see Appendix 6b for reference sequence). When aligned and trimmed for comparison with other populations, 
PBHAP_01 and PBHAP_03 collapse to become one haplotype (n = 5), as position 17 is lost.  
 
Table 5.2. Frequency of four haplotypes identified from sampling the mtDNA control 
region of 12 individuals from Plettenberg Bay, South Africa.  The position of polymorphic 
sites are shown relative to the reference sequence (Appendix 6b).   
  Position 
Haplotype N. 
individuals 
0 
1 
7 
1 
7 
4 
2 
9 
8 
PBHAP_01 1 T T T 
PBHAP_02 1 C C - 
PBHAP_03 4 C - - 
PBHAP_04 6 C - C 
Total 12    
 
5.3.2. Population differentiation and genetic diversity in South and East African populations 
Comparisons between the southern and eastern African mtDNA sequences indicate that genetic 
differentiation along the coastline is not wholly consistent with the isolation by distance concept. Overall, I 
found four haplotypes shared between the regions (Table 5.3).  One haplotype, ZZ1, is prevalent and shared 
by all the populations sampled. This haplotype dominates the SAKN southern coastal population, (14/15 
haplotypes, 93%) and migratory population (15/17 haplotypes, 88%).  It is found in higher proportions in 
Zanzibar South (61%) than Zanzibar North (19%). Other shared haplotypes are found between 1) SA 
Plettenberg and South Zanzibar, 2) SA migratory, SAKN coastal regions and North Zanzibar and 3) between 
South and North Zanzibar.   
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Table 5.3. The number and distribution of haplotypes across South and East African populations, 
following alignment and trimming to maximum overlap of 368 bp. South African Migratory, south and 
north Kwazulu-Natal coastal sequences from Natoli et al. (2007).  Zanzibar South and North sequences 
from Särnblad et al. (2011).Highlighting indicates shared haplotypes across populations.  
Haplotype 
code 
SA  
Plettenberg 
Bay 
SA 
Migratory 
SAKN south 
coastal 
SAKN north 
coastal 
South 
Zanzibar 
North 
Zanzibar 
ZZ1 5 15 14 13 14 4 
ZZ2     3  
ZZ3     1  
ZZ4 6    1  
ZZ6     4 11 
ZZ9      1 
ZZ10  1 1 4  4 
ZZ11      1 
HAplo4-SA  1     
HAplo6-SA    1   
BND1119 1      
Total 12 17 15 18 23 21 
 
There is significant differentiation between South African populations and between South Africa and coastal 
Zanzibar (Table 5.4). Plettenberg Bay and north coastal Zanzibar are the most highly differentiated 
populations. Plettenberg Bay is least differentiated from South Zanzibar (two haplotypes shared FST = 0.16,  
P = 0.036, φST = 0.18, P <0.001) compared to other populations in south Africa or to north Zanzibar. Genetic 
differentiation between the SA migratory and the two SAKN coastal populations is low and non-significant. 
However, Plettenberg Bay is significantly differentiated from each in the FST values (FST = 0.35, 0.41, 0.24, 
P <0.001 in all cases) and from the SA migratory and SAKN north coastal in φST measures (φST 0.28 and 
0.26, P <0.001 for SA migratory and SAKN north costal respectively). However, the φST differentiation was 
not significant for Plettenberg Bay and SAKN south coastal population (φST =0.33, P <0.01, non significant 
following Bonferroni correction). 
 
The outcome does not support combining Plettenberg Bay data with just that of the SA migratory population 
(FST SA PB vs. SA MG = 0.35, φST 0.28, P <0.001). Likewise, the low sample size relative to population size 
and unexpected patterns in differentiation which (may in part) result from this, argue against using the 12 
samples from Plettenberg Bay as a representative sample for this region.  In compromise, data were pooled 
from the Southern African coastline and treated as one region in all further analysis, a decision supported by 
the shared haplotype (ZZ1) between these areas.  Although greater variability is expected by pooling 
samples, the gene and nucleotide diversities of the pooled South African data remain lower than the other T. 
aduncus populations (excluding Mikura), further supporting this decision (h= 0.6047 ± SD  0.0741,  π = 
0.0041 ± SD  0.0016) (Table 5.7, section 5.3.4).   
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Table 5.4. Genetic differentiation between Southern and East African populations shown by pair wise 
FST (below diagonal) and φST (above diagonal) values calculated with 368 bp.  Comparisons between 
Plettenberg Bay and all other populations are highlighted by grey shading. Significance tested with 110 
permutations. After Bonferroni correction, significant values are those where P < 0.0034, indicated by +, 
non significant outcomes indicated by ns.  Number of individuals, haplotypes and diversity values are 
shown below.   
 
SA 
Plettenberg 
Bay 
SA 
migratory 
SAKN 
south 
coastal 
SAKN 
north 
coastal 
South 
Zanzibar 
North 
Zanzibar 
SA  Plettenberg Bay 
* 
+ 
0.28 
<0.001 
ns 
0.33 
<0.01 
+ 
0.26 
<0.001 
+ 
0.18 
<0.001 
+ 
0.56 
<0.001 
SA migratory 
+ 
0.35 
<0.001 * 
ns 
-0.04 
0.990 
ns 
-0.02 
0.567 
ns 
0.02 
0.207 
+ 
0.48 
<0.001 
SAKN south coastal 
+ 
0.41 
<0.001 
ns 
-0.05 
0.990 * 
ns 
0.02 
0.351 
ns 
0.04 
0.180 
+ 
0.53 
<0.001 
SAKN north coastal 
+ 
0.24 
<0.001 
ns 
0.03 
0.234 
ns 
0.05 
0.324 * 
ns 
0.00 
0.144 
+ 
0.38 
<0.001 
South Zanzibar 
ns 
0.16 
0.036 
ns 
0.09 
0.045 
ns 
0.12 
0.009 
ns 
0.06 
0.090 * 
+ 
0.31 
<0.001 
North Zanzibar 
+ 
0.29 
<0.001 
+ 
0.43 
<0.001 
+ 
0.47 
<0.001 
+ 
0.31 
<0.001 
+ 
0.19 
<0.001 * 
N individuals 
(haplotypes) 12 (3) 17 (3) 15 (2) 18 (3) 23 (5) 21 (5) 
Gene diversity (h) 0.6212 0.2279 0.1333 0.4510 0.6047 0.6810 
(± SD) (0.0867) (0.1295) (0.1123) (0.1174) (0.1009) (0.0853) 
Nucleotide diversity 
(π) 0.0019 0.0015 0.0007 0.0026 0.0041 0.0040 
(± SD) (0.0018) (0.0015) (0.0009) (0.0021) (0.0029) (0.0028) 
 
5.3.3. Intra- and inter-specific genetic differentiation of T. aduncus and T. truncatus 
Following alignment and trimming the sequences to a common 327 bp section for inter-specific comparisons 
there were 44 haplotypes (303 individuals). There were no shared haplotypes between the two species (Table 
5.6). Correlation was apparent between the differentiation measures, FST and φST  (r = 0.65, P = 0.001, 
Mantel with Monte Carlo permutation test). There was a weak and non-significant correlation between FST 
distance and the binary matrix of intra and inter-specific distance (Mantel test r = 0.16, P = 0.07), 
demonstrating that FST was a poor indicator of species distances. Correlations between φST and inter-or intra- 
specific distance predictions were slightly higher and marginally significant (Mantel test r = 0.33, P = 
0.054).  
 
Pairwise comparisons revealed high levels of population differentiation within both species which in most 
cases remained significant after Bonferroni correction (Table 5.5). Within T. aduncus, low and non 
significant differentiation was observed between South Africa and South Zanzibar, where just 6% of the 
variation was partitioned between these regions. Comparisons of φST between Jervis Bay and South and East 
Africa show that 91-95 % of variation is partitioned between these areas and there were no shared haplotypes 
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between Asian and Australian communities. Within T. truncatus, Doubtful Sound and the West coast of 
Scotland were the least differentiated (FST = 0.37, φST = 0.63), whilst 78% of variation is partitioned between 
the West and East coasts of Scotland despite being the only T. truncatus populations with a shared haplotype 
(B-01) (Table 5.5). Of all the populations considered, the East coast of Scotland is the most highly 
differentiated.  
 
Table 5.5. Pairwise comparisons of population differentiation.  Values for FST shown below the diagonal 
and φST above the diagonal.  Population codes are as follows: T. truncatus Florida (FL), Scotland West 
Coast (SW), Scotland East Coast (SE), Doubtful Sound (DS),  Tursiops aduncus South Africa inc 
Plettenberg Bay (SA(PB)), South Zanzibar (ZS), North Zanzibar (NZ), Mikura (MK) , Asia inc Mikura 
(MK) and Jervis Bay (JB). Intra-specific comparisons shown in white, inter-specific shown in shaded 
boxes. Significance levels calculated with 110 permutations. Outcomes are significant after Bonferroni 
correction alpha = <0.0011, unless otherwise indicated by ns.   
 FL SW SE DS SA(PB) ZS ZN MK AS(MK) JB 
FL * 0.78 0.83 0.68 0.76 0.69 0.65 0.81 0.74 0.83 
SW 0.41 * 0.89 0.63 0.92 0.86 0.88 0.91 0.83 0.90 
SE 0.69 0.78 * 0.88 0.96 0.95 0.96 1.00 0.91 0.97 
DS 0.39 0.37 0.82 * 0.86 0.75 0.76 0.77ns 0.78 0.85 
SA(PB) 0.50 0.52 0.77 0.51 * 0.05ns 0.54 0.96 0.88 0.94 
ZS 0.41 0.39 0.78 0.38 0.06 ns * 0.31 0.92 0.81 0.90 
ZN 0.38 0.35 0.76 0.33 0.38 0.19 * 0.91 0.79 0.90 
MK 0.52 0.53 ns 0.97 0.51 0.65 0.52 ns 0.47 * - 0.39 
AS (MK) 0.29 0.25 0.62 0.23 0.39 0.26 0.22 -  0.22 
JB 0.39 0.37 0.76 0.35 0.50 0.37 0.34 0.49 0.24 * 
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 Table 5.6 The number and distribution of haplotypes across study populations following alignment and 
trimming to maximum overlap of 328bp. Same species indicated by light shading.  Shared haplotypes 
across populations indicated by darker shading. * indicates where 3 Mikura individuals of haplotype JA03 
are combined with others in the AS region.  Population codes are as follows: T. truncatus Florida (FL),  
Scotland West Coast (SW), Scotland East Coast (SE), Doubtful Sound (DS),  Tursiops aduncus South 
Africa inc Plettenberg Bay (SA(PB)), South Zanzibar (ZS),  North Zanzibar (NZ), Mikura (MK) , Asia inc 
Mikura (MK) and Jervis Bay (JB).  
Original code 
Network 
code FL SW SE DS SA(PB) ZS ZN MK AS(MK) JB 
Haplotype 
total 
GTtr19 Tt_FL1 27          27 
Ttr2 Tt_FL2 23          23 
Ttr16 Tt_FL3 5          5 
B-01 Tt_SEW1  2 55        57 
B-21 Tt_SE1   1        1 
M16000 Tt_SW1  10         10 
M16798 Tt_SW2  1         1 
M192498 Tt_SW3  1         1 
M14601 Tt_SW4  1         1 
M32-08 Tt_SW5  1         1 
NZ-N18 Tt_DS1    2       2 
NZ-F02 Tt_DS2    8       8 
NZ-MS01 Tt_DS3    1       1 
NZ-F01 Tt_DS4    3       3 
HAplo4-SA Ta_SA1     1      1 
HAplo6-SA Ta_SA2     1      1 
BND1119 Ta_SA3     1      1 
ZZ1 Ta_SAZZ1     47 14 4    65 
ZZ4 Ta_SAZZ2     6 1     7 
ZZ2 Ta_ZS1      3     3 
ZZ3 Ta_ZS2      1     1 
ZZ10 Ta_SAZZ3     6  4    10 
ZZ6 Ta_ZZ1      4 11    15 
ZZ9 Ta_ZN1       1    1 
ZZ11 Ta_ZN2       1    1 
JA03 Ta_MKCH1        3 *10  3 /10 
A1WCH Ta_CH1         7  7 
A3WCH Ta_CH2         1  1 
A4WCH Ta_CH3         1  1 
A8WCH Ta_CH4         5  5 
A9WCH Ta_CH5         2  2 
A10WCH Ta_CH6         1  1 
A11WCH Ta_CH7         1  1 
A2YCH Ta_CH8         1  1 
A3YCH Ta_CH9         1  1 
A4YCH Ta_CH10         1  1 
A5YCH Ta_CH11         1  1 
A6YCH Ta_CH12         1  1 
A7YCH Ta_CH13         1  1 
SEAust1 Ta_JB1          9 9 
SEAust2 Ta_JB2          10 10 
SEAust3 Ta_JB3          1 1 
SEAust4 Ta_JB4          1 1 
SEAust6 Ta_JB6          1 1 
Population Total 55 16 56 14 62 23 21 3 34 22 303 
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5.3.4. Genetic diversity of Tursiops populations  
Haplotype diversities (h) for all populations are shown in Table 5.7 and range from 0.000 to 0.918. The estimates 
of nucleotide diversity (π) range from 0.000 to 0.014 in T. aduncus and 0.000 to 0.016 in T. truncatus. The East 
Coast of Scotland is unique in that estimates of both h and π are an order of magnitude lower than all remaining 
populations, apart from Mikura.  This low diversity (0.036 and <0.000 respectively) is apparent despite having 
the largest sample size (n=56).  Conversely, the low levels of diversity seen in Mikura might be explained by a 
low sample size, especially considering the otherwise high diversity of the Asian region (Asia h = 0.92 ± SD 
0.02, π = 0.01 ± SD 0.01,  vs.  both h & π  0.00 ± SD 0.00 for Mikura).   
 
 
Table 5.7. Sample frequency and diversity ( ± standard deviation) of each region or population of 
bottlenose dolphins. Diversity values are presented for each intra-specific alignment, enabling values to 
be calculated from the maximum bp length of consensus overlap (338 bp for T. truncatus and 368 for T. 
aduncus).   
  
N 
samples 
N 
bp 
N 
haplotypes 
Polymorphic 
sites 
Gene diversity 
(h)  (± SD) 
Nucleotide 
diversity (π) (± SD) 
Florida 55 340 3 8 0.5865 (-0.0323) 0.0119 (-0.0067) 
Scotland West Coast 16 338 6 8 0.6167 (-0.1347) 0.0072 (-0.0046) 
Scotland East Coast 56 338 2 1 0.0357(-0.0341) 0.0001 (-0.0003) 
Doubtful Sound 14 338 4 16 0.6484 (-0.1163) 0.0166 (-0.0095) 
South Africa  
(inc Plettenberg Bay) 62 368 6 7 0.4125 (-0.0741) 0.0019 (-0.0016) 
Zanzibar South 23 368 5 6 0.6047 (-0.1009) 0.0041 (-0.0029) 
Zanzibar North 21 368 5 4 0.6810 (-0.0853) 0.0040 (-0.0028) 
Mikura 3 368 1 0 0 (0) 0 (0) 
Asia (inc Mikura) 34 368 16 16 0.9180 (-0.0243) 0.0144 (-0.0079) 
Jervis Bay 22 368 5 8 0.6494 (-0.0645) 0.0057(-0.0037) 
 
5.3.5. Isolation by geographic distance (IBD) 
The pattern for isolation by distance differs between the two species (Figure 5.2). For T. aduncus, both genetic 
distance measures provide evidence of IBD (FST  R2 = 0.59, P <0.01, φST R2 = 0.74, P < 0.01). In T. truncatus, 
there is no evidence of isolation by distance in the FST comparisons (R2= 0.12, P = 0.5) and some indication of a 
decrease in φST with distance (R2 = 0.33) although this is not significant (P = 0.23). This is driven by the lower 
differentiation values between West Scotland, Doubtful Sound and Florida, compared to the geographically 
neighboring East and West Scottish populations.  The Mantel tests provide evidence of isolation by distance in 
T. aduncus (Mantel Test:  FST:Geo, r = 0.77, P = 0.02, φST:Geo  r = 0.86, P=0.05),  but a negative correlation in 
T. truncatus (Mantel Test:  FST:Geo, r = -0.35, P = 0.67, φST:Geo  r = -0.58, P = 0.96). When data from both 
species is combined, there is some indication of IBD (Mantel Test: FST:Geo,  r = 0.31, P = 0.03, φST:Geo r = 
0.40, P = 0.02). 
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R2 
-- Tt:             0.12 
-- Ta:            0.59 
-- Tt v.s. Ta: 0.10 
-- Overall:    0.10 
A)  
 
 
R2 
-- Tt:             0.33 
-- Ta:            0.74 
-- Tt v.s. Ta: 0.06 
-- Overall:    0.16 
B) 
 
 
Figure 5.2. Linear regression between geographic distance (km) and genetic distance:  A)FST and B)PhiST 
(φST), for 9 populations of bottlenose dolphins, Tursiops spp.  Linear regression lines shown for intra-
specific (T. truncatus in blue and T. aduncus in red) and inter-specific (in green) comparisons separately and 
for all pair-wise comparisons (in black).  R-squared values shown in boxed text. 
0 
0 
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5.3.6. Analysis of molecular variance, haplotype network and phylogenetic analysis 
The results of the AMOVA (Table 5.8) were comparable using either the Mikura or Asian dataset and just the 
Mikura results are presented here. Regional groupings in both species (T. aduncus: Zanzibar, T. truncatus: 
Scotland) did not reflect the population structure, as highlighted by the significant variation between populations 
grouped together by geographic proximity (AMOVA: Zanzibar, F = 0.23, P < 0.001, Scotland, F = 0.60, P < 
0.001). For intra-specific comparisons, a large fraction of the variation was found within populations (T. aduncus 
63.10 %, T. truncatus 38.81%). In both species, the proportion of variance attributed to differences among 
groups was low and not significant (AMOVA: T. aduncus, F = 0.18, P = 0.22, T. truncatus, F = 0.04, P = 0.68) a 
finding which is likely to reflect the high variability within regional groupings.  In the inter-specific comparison, 
regional groupings are not used, and the AMOVA is structured by grouping populations by species. The within 
population and between population differentiation account for most of the variation observed (44.46 % and 
44.23 % respectively). Conversely, only 11.32 % of the variation is explained by comparing the populations 
grouped by species, and this comparison was not significant (AMOVA: F = 0.11, P = 0.072).  
 
The AMOVA suggests that variation at the population and not species level, best define the differences within 
the genus Tursiops. This can be visualised by the haplotype network which forms two clusters, which do not 
separate according to the expected species divide (Figure 5.3). The first cluster contains all the T. truncatus 
haplotypes and T. aduncus from South and East Africa. This cluster is dominated by the presence of 2 
haplotypes Ta_SAZZ1 (T. aduncus) and, to a lesser extent, Tt_SEW1 (T. truncatus) (see Table 5.6 for codes).  
The Florida T. truncatus haplotypes are split from the South Africa and Zanzibar T. aduncus haplotypes, by eight 
mutational changes. Similarly, eight nodes separate the Scotland and New Zealand cluster of T. truncatus from 
the T. aduncus Ta_SAZZ1 haplotype. The second discrete cluster contains only the T. aduncus haplotypes from 
Asia and Australia, demonstrating the closer evolutionary relationship between these regions in comparison with 
the other study populations.  A similar topology is also apparent in the phylogenetic reconstruction based on the 
neighbour-joining tree. Here the Tursiops haplotypes separate into two clades which are not monotypic. All 
haplotypes from T. truncatus populations clustered with those from T. aduncus populations from South and East 
Africa. Within this, separation is largely based along the population lines. Haplotypes from Asian and Australian 
T. aduncus cluster together on a separate node from both the other T. truncatus and T. aduncus populations 
(Figure 5.4).  
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Table 5.8. AMOVA for hierarchically structured intra- and inter- specific comparisons based on haplotype 
diversity. Regional groups  in T. aduncus are Zanzibar South and Zanzibar North, and in T, truncatus are 
Scotland West and Scotland East. Significant results at the alpha 95% level shown in bold. 
Observed partition 
 
Variance component d.f. SS 
Variance
 
% total 
 
F 
P 
(± SD) 
 
Tursiops aduncus       
Among groups 3 12.32 0.07 18.06 0.18 0.22 (0.01) 
( South Africa,  Zanzibar S & N, Mikura, Jervis 
Bay)     
 
 
Between populations within regional groups 1 1.97 0.08 18.84 
0.23 <0.001 
(0.00) 
(Zanzibar S  vs. Zanzibar N)       
Within populations 126 32.86 0.26 63.10 
0.37 <0.001 
(0.00) 
Tursiops truncatus      
Among groups 2 21.02 0.017 3.62 0.04 0.68 (0.01) 
(Florida,  Scotland W & E, Doubtful Sound)       
Between populations within regional groups 1 7.10 0.28 57.57 
0.60 <0.001 
(0.00) 
(Scotland W vs. Scotland E)       
Within populations 137 25.66 0.19 38.81 
0.61 <0.001 
(0.00) 
Inter specific      
Among groups 1 17.56 0.06 11.32 0.11 0.07 (0.01) 
(T. aduncus popns vs. T. truncatus popns)       
Between populations within species groups 7 42.41 0.22 44.23 
0.50 <0.001 
(0.00) 
( all T. aduncus  and all T. truncatus popns)       
Within populations 263 58.52 0.22 44.46 
0.56 <0.001 
(0.00) 
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Figure 5.3. Haplotype network showing the relationships between study populations of T. truncatus and T. 
aduncus. Larger circle sizes represent more frequent haplotypes. Nodes where intermediates are missing or 
un-sampled are shown by a small circle. 
T. aduncus: Jervis Bay and Asia (inc Mikura) 
T. truncatus: Florida 
T. aduncus: 
South Africa 
(incl 
Plettenberg) & 
Zanzibar 
T. truncatus: Doubtful Sound 
T. truncatus:         
East & West 
Scotland 
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Figure 5.4. Phylogenetic neighbour-joining trees draw in MEGA 4.0 using p-distance to show relationships 
between mtDNA haplotypes from 9 populations of bottlenose dolphin (Tursiops spp.). Confidence levels for 
nodes were assessed by means of 1000 bootstrap replicates.  Two haplotypes of O. Orca (Oorca1 and OOcra2) 
are included as an outgroup.  Full codes are given in Table 5.6.  T. truncatus haplotypes (Tt) and T. aduncus 
haplotypes (Ta) do not form monotypic clades.   
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5.4. Discussion  
This study has highlighted high levels of population differentiation within the genus Tursiops, which are not well 
explained by species distinctions. There was evidence for isolation by distance in T. aduncus, but not in T. 
truncatus. The clustering of T. truncatus populations with T. aduncus from South and East Africa was 
unexpected given the recent molecular evidence clearly separating the two forms (LeDuc et al. 1999, Wang et al. 
1999, Möller and Beheregaray 2001, Yang et al. 2005). However, the same pattern was identified by Särnblad et 
al. (2011) when comparing South and East African data with T. truncatus from Taiwan (Wang et al. 1999). In 
this comparison only two fixed differences separated Taiwanese T. truncatus from the Western Indian Ocean T. 
aduncus. This is lower than the 8 differences separating the T. truncatus populations investigated here from the 
South and East African T. aduncus. Together these findings highlight a closer affinity in mtDNA for some inter-
versus intra-specific comparisons, depending on the populations examined. This trend may have been 
overlooked in previous studies focusing comparisons on Asian and Australian T. aduncus with other populations 
of T. truncatus. 
 
Tursiops aduncus and T. truncatus have been known to hybridise in captivity (Best 2007) producing fertile 
female offspring (pers comm., uShaka Sea World, Durban) and it is therefore possible that historical 
mitochondrial introgression has acted to confound the true evolutionary relationships in Tursiops (LeDuc et al. 
1999, Xiong et al. 2009). Further work comparing the phylogenetic relationships of each population using 
maternal mtDNA and bi-parental microsatellite markers (Randi 2008) can be used to investigate whether  there 
is differential gene flow and whether introgressive hybridisation underlies the patterns observed. It is unlikely, 
however,  that recent introgressive hybridisation is responsible for the trends observed here as if it were, we 
would expect the introgressed species to be identical (or almost identical) to another species (Xiong et al. 2009) 
and this was not the case. There were no shared haplotypes between any of the T. aduncus and T. truncatus 
populations and a minimum of eight fixed differences separate the African  T. aduncus and Florida T. truncatus 
populations.  
 
The one study comparable to this found significant genetic differentiation between  South African T. aduncus 
and globally distributed populations of T. truncatus, reporting  FST values ranging between 0.446 and 0.676 and 
φST values ranging from 0.778 to 0.904.  The South African T. aduncus were differentiated from Asian T. 
aduncus by FST values of 0.465 and φST 0.867 (Natoli et al. 2004). Therefore intra-specific differentiation values 
fell within the range of inter-specific comparisons. Based on these genetic comparisons, Natoli et al. (2004) 
suggest the South African T. aduncus should be recognised as a species separate to the Chinese aduncus.  
Särnblad et al (2011) support this claim and our data concur with their findings that South and East African T. 
aduncus are clearly separated from those of Asia and Australia.  
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The two regions with populations located most closely together in geographic distance, Scotland East and West 
coast and Zanzibar North and South coast, both had significant levels of differentiation (φST values of 0.31 
Zanzibar N vs. S and 0.89 Scotland W vs. E). Such high levels of variation between geographically neighbouring 
populations is surprising given the lack of obvious barriers to movement and the known ranging patterns of 
bottlenose dolphins (Silva et al. 2008). Furthermore, although both Scotland East coast and Zanzibar South are 
thought to be resident populations (Wilson et al. 2004, Stensland et al. 2006), animals do move between sites 
(Särnblad et al. 2011, Thompson et al. 2011, Gridley and Öhman, unpublished data). The high FST values for the 
mtDNA show a striking differentiation between the West and the East Coast of Scotland; the latter showing low 
levels of genetic diversity in light of the relatively large sample size. This pattern has  previously been reported 
by Parsons et al. (2002) based on stranded samples and has since been confirmed through increasing the sample 
size with biopsy data (Islas-Villanueva 2009). Whilst this study is based on mtDNA, the patterns of 
differentiation in Scotland are supported by analysis of microsatellite data (Islas-Villanueva 2009) and is 
currently being investigated in Zanzibar (Särnblad, pers. comm.). 
 
Significant population structuring over very short distances has previously been identified in several Tursiops 
populations (Bilgmann et al. 2007, Moller et al. 2007). Differences in founding populations might explain some 
of the genetic differentiation seen, as suggested by both Islas-Villanueva (2009) and Särnblad et al. (2011). 
However, the mechanisms maintaining separation and promoting differentiation remain unclear. Fine scale 
population differentiation may be driven by adaptation to local environmental conditions (Wiszinewski et al. 
2009), preferential associations between community members (Wiszniewski et al. 2009) or oceanographic 
features relating to differences in prey resources (Bilgmann et al. 2007). 
 
The higher genetic diversity of the Scotland West coast population suggests that it might have pelagic origins 
(Islas-Villanueva 2009). Ongoing interbreeding and genetic exchange between pelagic and coastal populations 
of Tursiops truncatus might act to increase the genetic diversity of apparently small and isolated populations 
(Querouil et al. 2007, Tezanos-Pinto et al. 2009), such as those found in Doubtful Sound and the West coast of 
Scotland. This may act to obscure any effects of isolation by distance.  The T. aduncus populations in this study 
are geographically closer together (max distance 15884 km) than the T. truncatus populations (max distance 
25095 km) and there are no known pelagic populations of T. aduncus. Consequently dispersal in this species 
might be restricted to inshore routes, increasing the likelihood of an isolation by distance effect and increasing 
the importance of coastal barriers to gene flow. This outcome warrants further investigation with a larger sample 
size of populations.  
 
This study presents new data from animals biopsied in Plettenberg Bay, South Africa.  Levels of genetic 
diversity (h) identified within these samples are higher than for any other South African population considered 
and values of nucleotide diversity are higher than either SA migratory and South coastal populations. However, 
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the pooled South African dataset still has the lowest diversity of all the T. aduncus populations considered (excl 
Mikura) which is surprising given that large number of animals using this coastline (28,482, 95% CI=16,220–
40,744) (Reisinger and Karczmarski 2010). Although the number of additional sequences presented in this study 
is small, the finding that animals sampled in Plettenberg Bay are more closely related to those of coastal south 
Zanzibar than any other South African population warrants further attention, even though this was mainly driven 
by a single shared haplotype. The dominant haplotype from Plettenberg Bay is not shared with any of the other 
Southern African populations, which suggests that a higher degree of population differentiation exists along the 
South African coastline than has been previously documented. 
 
Overall, the sum of genetic data describing Southern Africa bottlenose dolphins poorly represents the number of 
animals in this region.  Similarities between South and East Africa suggest a common evolutionary history, 
recent range expansion (Särnblad et al. 2011) or ongoing movement of animals between these areas which may 
facilitate gene flow. Systematic sampling between the southern western extreme of their distribution at False Bay 
(Findlay et al. 1992) to at least northern coastal Zanzibar would help to elucidate patterns of genetic 
differentiation and diversity with important implications for conservation management. As discrepancies may be 
apparent in the outcome of genetic analysis depending on the molecular marker used, any future analysis should 
compare bi-parentally inherited nuclear (c.f. microsatellite) and mtDNA markers, which was not possible within 
the remits of this study.   
 
This study compared 303 sequences collected from 9 populations.  Although, the 328 bp alignment length used 
for inter specific comparisons was longer than that used in other meta-populations studies (Natoli et al. 2004, 
Querouil et al. 2007, Särnblad et al. 2011),  it was shorter than that used by some others  (Sellas et al. 2005, 
Tezanos-Pinto et al. 2009). Discrepancies in sequence lengths meant that almost 40% of haplotypes were 
collapsed following the alignment process.  Consequently measures of diversity and differentiation may be 
under-estimates. This demonstrates the importance of consistency in studies, to ensure the longest mtDNA 
sequences possible are extracted which maximise base-pair overlap in cross population sequence alignments.  
 
5.5. Summary 
The confusing taxonomic status of Tursiops has led to inconsistencies and potentially mis-classifications in the 
literature, as for several years T.  aduncus was not officially recognized. Consequently, relative to T. truncatus, 
there is a general paucity of definitive information on T. aduncus, including a lack of information on many 
aspects of its biology as well as the vocal behaviour of this species. This chapter has investigated population 
differentiation between 9 free ranging populations. Using mtDNA molecular markers, no clear distinction 
between the populations of T. truncatus and T. aduncus exists. Highly significant levels of population 
differentiation within each species are apparent and the haplotype network and neighbour-joining tree show that 
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the T. truncatus populations cluster together with those of South and East African T. aduncus. These findings 
highlight the plasticity apparent in the genus and typify some of the issues surrounding its confusing taxonomic 
status. Based on these findings, further comparisons of acoustic variability (Chapter 7) will be based on genetic 
differentiation at the population and not species level. Although the sample size for the Mikura population is 
small, there is still a significant differentiation from some other populations.  Furthermore, levels of genetic 
diversity within the Asia region are much higher than the other study populations, most likely because the 
geographic area over which these animals were sampled is much greater than the others. Given this, it seems 
most appropriate to use the Mikura data in the coming analysis to represent this population, even with the small 
sample size.   
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______________________________________________________________________________________ 
CHAPTER 6 
 
 
Geographic and species variation in the whistle repertoires of bottlenose dolphins (Tursiops spp.) when 
accounting for signature whistle types 
_______________________________________________________________________________________ 
 
 
Abstract  
 
Geographic variation in the whistle vocalisations of bottlenose dolphins (Tursiops spp.) has previously been 
reported (Wang et al. 1995b, Morisaka et al. 2005b). However, most studies have focused on the whole whistle 
contour repertoire, with little attempt to classify sounds into biologically relevant categories. Bottlenose dolphins 
use highly distinctive signature whistles to maintain contact at sea, which constitute around 50% of the vocal 
emissions. These whistles appear to be more stable than others and may show systematic differences between 
populations in different habitats. In this chapter, I investigate geographic as well as species (T. truncatus vs. T. 
aduncus) differences in signature whistle types from populations inhabiting the coastal waters of North America, 
Scotland, South Africa, Tanzania, Japan, Australia and New Zealand as well as one captive colony.  
 
The fundamental frequencies of all high quality contours were automatically extracted and categorised in 
ARTwarp (Deecke and Janik 2006). Contours were presented for categorisation recording section by section 
(SS) or as the whole repertoire (ALL) and categorised using vigilance parameters of 91 or 96%. Likely signature 
whistles (signature whistle types, SWTs) were identified using a bout analysis based on the timing of signature 
whistle production in T. truncatus (SIGID, Janik et al. in press). For each population, the key parameter values 
of SWTs, a matched contour sample and the whole contour repertoire were compared to determine if and how 
accounting for SWTs can influence the study of geographic variation in bottlenose dolphin vocalisations. Inter- 
and intra-specific variation was investigated in 25 SWT frequency and complexity measures. Comparisons of 
whole frequency contours were conducted to investigate the degree of contour similarity within and between 
populations.   
 
In most cases (83%) there was no difference in the values of  key whistle parameters of SWTs identified through 
the 91 SS or 96 ALL method. Within populations, the key frequency parameters of signature whistle types, a 
randomly chosen contour subsample and the entire contour repertoire were similar. However, for 7/10 
populations, the SWTs had a longer duration and a greater number of inflection points compared to the contour 
samples. Inter-specific comparisons of SWTs demonstrated that populations of T. truncatus use higher 
frequencies than T. aduncus, with Doubtful Sound bottlenose dolphins (T. truncatus) producing the highest 
frequency SWTs overall. Tursiops truncatus also produce SWTs of longer duration compared to T. aduncus. 
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Intra-specific comparisons were less pronounced than inter-specific, however population differentiation was still 
apparent. Similarities in the call frequencies of Plettenberg Bay and Jervis Bay and overall contour shape of 
Zanzibar North and South, provides evidence against a genetic basis for call characteristics in T. aduncus.  
Whistle duration, number of inflection points and measures of whistle complexity are variable characteristics 
both within and between populations and species, suggesting that individual distinctiveness or motivational state 
is transmitted in these features. Principal component analysis (PCA) of SWT parameters found strong 
correlations to mean, maximum  and median frequency and inter-quartile frequency ranges on the first PC, 
whilst frequency gradient, duration and number of inflection points are strongly correlated to the second 
component. Although there is multi-dimensional variation in key whistle parameters, the overall contour shapes 
show similarity between regions and weak structuring at the population level. Zanzibar North and Florida have 
the least diversity in SWT contours, whilst the SWT repertoire of Plettenberg Bay and Doubtful Sound are more 
diverse. At the micro-geographic level, there is some support for acoustic similarity between Zanzibar North and 
South, and weak support for acoustic similarity between East and West coastal Scotland.  
 
Overall, these results demonstrate high levels of variation in the signature whistle types of bottlenose dolphins 
between species and to a lesser extent within species. Whilst a species effect is clear in most of the parameter 
measures, population differentiation suggests that local adaptation to environmental characteristics and vocal 
learning or cultural drift explain the other features observed.   
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6.1. Introduction 
Geographic and species variation in acoustic communication systems is commonplace throughout the animal 
kingdom.  Acoustic differences may be important isolating mechanisms between similar species (Jones 1997), 
occurring either as a by-product of species distinctiveness or developing through selective pressures.  Micro-
geographic and macro-geographic forms of intra-specific variation are recognised (Mundinger 1982b). The 
former refers to variation between populations in close proximity which potentially mix (e.g. dialects), and the 
latter describes variation where distance or other barriers prevent direct mixing between populations. Within a 
species, population differentiation may reflect varying social relationships, population structure, ecology, habitat 
or behavioural context at the time of recording. Variation is not uni-modal and may be present in multiple 
dimensions of the vocal output, including frequency parameters (Steiner 1981, Wang et al. 1995a, Wang et al. 
1995b, Morisaka et al. 2005b), the temporal pattern of production (e.g. sperm whale codas, Weilgart and 
Whitehead 1997) and the arrangement of call components (Winn et al. 1981). 
 
Variation in dolphin whistles is often quantified using a range of frequency characteristics , including minimum, 
maximum, start, end, mean frequency and frequency range as well as differences in duration and frequency 
modulation (e.g. Wang et al. 1995a, Rendell et al. 1999, Oswald et al. 2003, Morisaka et al. 2005b). For the 
common bottlenose dolphin (Tursiops truncatus), mean minimum frequencies range from 5.34 kHz (May-
Collado and Wartzok 2008) to 7.92 (Oswald et al. 2007) and maximum from 11.32 (Wang et al. 1995b) to 17.61 
kHz  (May-Collado and Wartzok 2008)  (see Appendix 7 for review of values). Lower values are reported for the 
Indo-Pacific bottlenose dolphin (T. aduncus), ranging from mean minimum frequencies of 4.63 kHz to 
maximum frequencies of 13.03 kHz (Johnson and Tyack 2003). There are fewer reports of the whistle 
repertoires of this species (examples are Morisaka et al. 2005b, Hawkins, 2010) and changes in the taxonomic 
status of Tursiops in the 1990’s mean that some populations previously reported as T. truncatus may now be 
regarded as T. aduncus (e.g. Wang et al. 1995b).  Accounts of signature whistle parameters are sparse, but 
frequency ranges between 1 kHz  (Caldwell et al. 1990) and 27.3 kHz (Esch et al. 2009b) in T. truncatus have 
been documented (Table 6.1,  see review Esch et al. 2009b). No values are available in T. aduncus, as signature 
whistles have yet to be conclusively demonstrated for this species (Chapter 2, but see Smolker et al. 1993). 
 
Table 6.1. Mean reported frequency parameters from known bottlenose dolphin (Tursiops truncatus) 
signature whistles 
Reference N 
individuals 
Min 
(kHz) 
Max  
(kHz) 
Duration 
(sec) 
Recording context 
Caldwell et al. (1990) 126 1 to 9 8 to24+ 0.2 to 2.1 
 
Captive 
(wild caught and captive born) 
Buckstaff  (2004) 19 2.9 23.5 0.1 to 4.1 Wild 
Esch et al. (2009) 20 3 to 13.3 9.3 to 27.3 0.5 to 2.3 Wild 
(recorded during brief capture 
events) 
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Recognising inter-specific variation in vocal characteristics has practical implications for passive acoustic 
monitoring of cetacean distribution and relative abundance (Fristrup and Watkins 1993, Oswald et al. 2003, 
Oswald et al. 2007). The whistles of T. truncatus can be readily distinguished from those of other species 
(Steiner 1981, Baron et al. 2008) with correct classification to species reaching 80% in the Pacific region 
(Oswald et al. 2007, May-Collado and Wartzok 2009) . However the whistles of several other species are easily 
confused for Tursiops truncatus (Oswald et al. 2007). No studies have investigated variation in whistles between 
the two Tursiops species currently recognised and we know little about how they vary, if they can be readily 
discriminated from one another and which parameters differ the most between these species.   
 
Wilczynski and Ryan (1996) suggest that intra-specific variation should be constrained to occur within a species 
–typical framework. This is true of whistles, where intra-specific variation is less pronounced than species 
differences (Rendell et al. 1999) particularly if the study populations are not geographically isolated from one 
another (Wang et al. 1995b). Intra-specific stability in frequency variables may reflect evolutionary adaptations 
to prominent environmental conditions and may also be related to limitations in sound production related to body 
lengths (Wang et al. 1995a) . Whistle characteristics may vary approximately linearly between sites sampled 
close to one another, such as those located along a coastline (Rossi-Santos and Podos 2006). Micro-geographic 
variation has been identified in the whistle repertoires of bottlenose dolphins inhabiting 3 non-adjacent regions 
along the Texas coast (Wang et al. 1995b). However, differences were small enough that individual whistles 
were poorly discriminated showing that there was a degree of similarity among the different regions. Similarly, 
May-Collado and Wartzok (2008) identified variation in frequency parameters between populations separated by 
35 km, although sample sizes were small. In Japan, regional differences in the frequency parameters of T. 
aduncus separated by ~110 – 800 km are apparent  and patterns of whistle modulation and adopted frequency are 
correlated to regional differences in ambient noise spectra (Morisaka et al. 2005b, a). The number of inflection 
points and duration show the greatest degree of variation both at the species and population level (Steiner 1981, 
Wang et al. 1995a, Wang et al. 1995b, Oswald et al. 2003, Morisaka et al. 2005b).   These variables may be 
important for conveying individual identity or motivational state, and are likely to be highly correlated with the 
occurrence of connected multi-looped whistles which contain multiple inflection points.  
 
The proportion of signature to non-signature whistles produced at one time varies according to the behavioural 
state, group size and composition at time of recording (Caldwell et al. 1990, Janik et al. 1994, Janik and Slater 
1998, Cook et al. 2004, Mello and Amundin 2005, Fripp and Tyack 2008).  As they are often produced in 
repetitions of the same whistle type (Caldwell et al. 1990, Janik et al. in press), failure to consider signature 
whistles when investigating species or population level variation may have misleading outcomes. Several studies 
detailing variation in whistle parameters have commented on the presence of repeated, stereotyped whistle 
emissions in the analysed datasets, which may be signature whistles (Wang et al. 1995a, Morisaka et al. 2005b, 
Azevedo et al. 2007). Sample sizes may be over inflated if all whistles are treated as independent events 
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(Caldwell et al. 1990) leading to pseudo-replication (Hurlbert 1984) and variation between whistle types could 
be under-estimated. Thus, failure to account for signature whistles may introduce a systematic bias when 
quantifying characteristics of the vocal repertoire, particularly if signature whistles show a different kind of 
variation between populations from non-signature whistles.  
 
Previous attempts to categorise whistles have done so based on their overall shape such as Rise, Flat, Down, 
Sine or Fall whistles (Tyack 1986, Janik et al. 1994, Janik and Slater 1998, Hawkins and Gartside 2010) or 
synonyms of these (Akiyama and Ohta 2007, Azevedo et al. 2007). Shape classes can be further subdivided 
based on more subtle contour features (Ansmann et al. 2007). In some instances, whistle shape classes have been 
linked to behavioural context (Hawkins and Gartside 2010). However, if shape categorisation is done without 
considering signature whistles separately, multiple looped emissions from the same individual may be 
categorised separately, based on the number of inflection points alone (see Akiyama and Ohta 2007, for an 
example of where this is likely to have occurred). Categorisation of whistles into functional groups such as 
signature whistles, based on the similarity in loop structure and temporal pattern of whistle delivery offers an 
alternative approach to straightforward categorisation by shape (Janik et al. in press). This method is supported 
by an understanding of the production and function of bottlenose dolphin signature whistles from captive, 
temporarily restrained and freely interacting animals (Caldwell et al. 1990, Janik and Slater 1998, Cook et al. 
2004, Esch et al. 2009b) and allows investigation of geographic and species variation in bottlenose dolphin 
signature whistles.    
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6.1.2. Objectives 
The objective of this chapter is to investigate variations in bottlenose dolphin whistles at varying scales 
(individual, population and species), paying particular attention to signature whistle types (SWTs). I will address 
the following questions:  
 
1) Methodological comparisons: a) Does the method used to identity SWTs (91 SS or 96 ALL, see Chapter 2) 
influence the population SWT parameters? b) Is there a significant difference in the contour parameters of a 
population if SWT, a matched randomly chosen subsample of contours or the whole contour repertoire are 
considered? 
 
2) Is there geographic variation in the frequency parameters of bottlenose dolphin signature whistle types?  
 
3) Does the degree of variation (COV) vary between SWT parameters?  Do some parameters show high degrees 
of inter-individual variation whilst others are relatively stable within a population or species?   
 
4) Which whistle parameters best describe the variation between signature whistle types? Can we reduce the 
variability between whistles into fewer dimensions and is there geographic and species variation in the first 3 
principal components? 
  
5) Is there geographic or species variation in the adopted frequency of signature whistle types? Is the signal 
duration distributed equally over the frequency range of the whistle, or is sound transmitted in particular 
frequency bands?  
 
6) How does the overall whistle contour shape and complexity differ within and between populations? Is there 
convergence on similar whistle types? 
 
7) Is there evidence of micro-geographic variation in bottlenose dolphin signature whistle types? 
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6.2. Methods 
6.2.1. General methods 
The data presented here were collected from 10 bottlenose dolphin populations (9 free ranging and 1 captive 
colony) over a range of group compositions and behavioural contexts. The term ‘contour’ is used to describe the 
range of narrow band, continuous calls, over 0.1 s in duration which are apparent in the vocal repertoire (c.f. 
whistles in previous studies) prior to any analysis to identify signature whistle types. This includes all loops of 
disconnected multi-loops, connected multi-loops, single element whistles and non-signature whistles (variants) 
together. The term signature whistle type (SWT) is used to define likely signature whistles which have been 
identified through the SIGID method (Janik et al. in press) and for Harderwijk and Florida includes a subsample 
of known signature whistles (KSWs) identified through recording isolated individuals (see Chapter 2 on 
signature whistle identification). 
 
Data collection procedures, sub-sampling protocols and contour extraction are as described in Chapter 2. Briefly, 
acoustic recordings of bottlenose dolphin (Tursiops spp.) whistle vocalizations where visualized in the 
spectrogram display of Adobe Audition v 2.0 (Hanning window, FFT resolution 512).  The proportion of 
contours which were bandwidth limited was calculated for each population to assess the influence of the Nyquist 
frequency on the maximum frequency of whistles reported. The contours were extracted in MATLAB using 
peak functions. Contours of a duration less than 0.1 s (including chirps, Caldwell and Caldwell 1968) were 
removed from the analysis. Only recordings containing 5 or more extracted contours longer than 0.1 s in 
duration were used,  as this is the minimum number of contours required for a category to be identified as a 
signature whistle type following the methods described in Chapter 2. The signature whistle types from each 
population were determined using automated categorisation in ARTwarp and bout analysis based on the timing 
of signature whistle production in T. truncatus (SIGID, Janik et al. in press, see Chapter 2). As these methods are 
novel, greater confidence in the relationships between populations can be provided if there are consensus 
patterns when the same datasets are analysed in slightly different but equivalent ways. Therefore, the signature 
whistles types presented here were identified using both the 91 SS and the 96 ALL methods detailed in Chapter 
2. Comparisons were made between the parameter values of SWTs within each population to investigate whether 
the method of presenting contours for categorisation and vigilance parameter affect the SWT parameter values. 
Supplementary data of known signature whistles identified through temporary isolations were used for 
Harderwijk and Sarasota Bay, to attain consistency in the sample size across populations and species.  
 
6.2.2. Automated measurements of frequency parameters 
Contour frequency and complexity parameters were automatically measured from extracted contours using 
purpose written MATLAB script (see Appendix 8 and 9). The script was developed and tested on whistles from 
all populations to ensure that the thresholds set could adequately measure the whistle diversity encountered. 
Twenty five measurements were taken, including 9 standard parameters (start frequency, end frequency, 
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minimum frequency, maximum frequency, frequency range, mean frequency, duration, number of inflection 
points and co-efficient of frequency modulation) (e.g. Oswald et al. 2003, Morisaka et al. 2005b). The co-
efficient of frequency modulation (COFM) is commonly applied to determine the amount and magnitude of 
frequency modulation along a contour (McCowan and Reiss 1995b, Morisaka et al. 2005a, May-Collado and 
Wartzok 2008). It is calculated by summing the average change in frequency over 20 frequency points according 
to COFM= ∑19 [Yn+1 – Yn] / 10,000, where Yn = the frequency at the nth frequency point (McCowan and Reiss 
1995b). A modified COFM was applied which could be used in cases where the number of sampling points (at 5 
ms resolution) was not exactly divisible by 20. Additional parameters, including the presence of steps, steep 
sections, plateaus and jumps were designed to measure the degree of complexity inherent in the overall contour 
shape. The frequency gradient, aspect of start and end slopes and change in frequency between start and end 
points provide quantitative measures of some aspects of the whistle shape.  
 
6.2.3. Methodological comparisons 
A subsample of 5 repeated emissions of each signature whistle type (SWT) was used to represent each type. 
Several replications of each signature whistle type were deemed necessary to represent the slight variations in 
characteristics of each emission (e.g. due to differences in the number of loops, duration and slight variations in 
frequency). Five is the lowest number of SWTs allowed per category (Chapter 2) and thus the maximum number 
for equal representation of each SWT. If a SWT category contained more than 5 repeated whistles, a subsample 
was pseudo-randomly chosen, whereby whistles occurring with an inter-whistle interval of 1-10 seconds as 
required by SIGID (see Chapter 2 and Janik et al. in press) and those with the highest signal-to-noise ratio were 
preferentially used. All decisions were based on the database inputs alone and not through visual inspection of 
the contours.  Loops of disconnected multi-looped contours were joined together, from the loop end point to the 
start of the next, discounting periods of silence (see Appendix 10a-j for catalogue of entire SWTs examples).   
 
The 9 core whistle parameters were compared between SWTs identified using the 91 SS and 96 ALL method of 
signature whistle identification. In many populations, the parameter data was non-normally distributed (Wilk-
Shapiro test: P < 0.05) and Box Cox procedures failed to transform the data to adequate normality. Furthermore, 
non-homogenous variance within populations argued against the application of parametric statistics (Levene’s 
Tests of equal variances: P < 0.05).   Differences between the 91 SS and 96 ALL were therefore determined 
using non-parametric pairwise Wilcoxon’s rank sum (WR)  for equal medians. This was conducted with and 
without inclusion of the sample of known signature whistle types from Harderwijk and Florida.  
 
The signature whistle type sample obtained using the 91 SS method was compared to a) an equal number of 
randomly chosen contours from the same population (matched sample, S) and b) the whole contour repertoire 
from recordings of the same population containing 5 or more extracted contours (R) to determine whether 
differences in population parameters arise if signature whistles types or simply contours are the unit of 
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comparison. Comparisons of parameter values between these whistle and contour samples were conducted using 
non-parametric Kruskal-Wallis (KW) tests.  
  
6.2.4. Geographic variation in the frequency parameters of bottlenose dolphin signature whistle types 
Geographic and species variation in the core parameters of bottlenose dolphin signature whistle types were 
tested for each parameter at the population and species level. As the dataset included 5 repeated emissions of the 
same whistle type, it is possible that pseudo-replication may increase the chance of a type one error. Therefore, 
statistical comparisons were conducted on both the dataset containing 5 repeated emissions of each SWT and the 
mean value of each SWT averaged over these 5 emissions. To identify trends and investigate the source of 
variation, pairwise Wilcoxon rank sum tests (WR) were conducted on the nine core parameters using the dataset 
of 5 repeated emissions. A Bonferroni correction was applied to the alpha statistic (i.e. 0.05/9=0.0056) for all 
tests to account for multiple comparisons.  
 
6.2.5. Co-efficient of variation (COV) for core signature whistle type parameters  
The co-efficient of variation (COV = (standard deviation / mean)*100 ) was used to assess the degree of inter-
individual variation in signature whistle type parameters. COVs were calculated for each parameter where the 
SWTs from each population were represented by 5 repeated emissions of each type. Comparisons between 
parameters at the genus, species and population level were conducted to investigate whether certain signature 
whistle type characteristics are likely to carry species or population specific information.  
 
6.2.6. Principal component analysis of bottlenose dolphin signature whistle types 
Principal components analysis (PCA) was applied as a data reduction technique to find linear combinations of 
the 25 measured whistle parameters (Crawley 2007) with each SWT represented by 5 repeated emissions. 
Pairwise analysis of variance between populations was carried out using the first 3 components (PCs) and 
scaling plots were used to visualise the partitioning between the populations and species according to the first 2 
PCs.  
 
6.2.7. Adopted frequency distribution of bottlenose dolphin signature whistle types 
The adopted frequency of each SWT contour was calculated as the proportion of the contour which falls into 1 
kHz frequency bins, therefore measuring the distribution of the signal in different frequencies. The adopted 
frequency of each signature whistle type (represented by 5 repeated emissions) identified using the 91 SS and 96 
ALL method was averaged over each population.  Comparisons between the distribution of adopted frequencies 
were tested at frequency bins; 5, 10, 15 and 20 kHz for datasets where each SWT was represented by 5 repeated 
emissions and where mean SWT values were the unit of comparison.  
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6.2.8. Intra- and inter-population variability of signature whistle type structure and complexity.  
Correlation of whole whistle contours was carried out to measure diversity in whistle shape within and between 
populations and to assess whether the level of signature whistle type variability differs between research areas. 
The correlation method used has previously demonstrated whistle convergence in bottlenose dolphins (Smolker 
and Pepper,1999, Watwood et al. 2004) and quantifies similarity in overall shape irrespective of absolute time-
frequency characteristics. For each comparison, a linear interpolation function was applied to standardise the 
length of the shorter contour to that of the longer contour (Figure 6.1) and a pairwise linear ranked Pearson’s 
correlation was calculated between the two whistles to determine the similarity between the contours in the time 
domain. Using this, uncorrelated contours return a value of 0, equivalent contours have a value of 1. The 
resulting matrix of similarities between contours was converted into positive distance measures by subtracting 
them from one and made positive by adding 100 to all values.  Five repeated emissions of each SWT were 
included to represent the different frequency modulation patterns resulting from intra-individual variation in the 
number of loops. The outcome was visualised using multi-dimensional scaling to display patterns of similarity 
between contours from each population.  Both metric and non-metric (NM) MDS were considered, but non-
metric MDS was preferred as it is based on ranks and therefore has the additional benefit of being more robust to 
non-linear relationships between inter-object distance and dissimilarity. NM MDS iterates through several 
configurations to find a local minima. Ten iterations using random starting points were considered and the 
optimum configuration which minimised the stress is presented.  
 
The within population correlation values were compared using pairwise Wilcoxon rank sum tests to determine 
whether the variation within each population was significantly different. Bonferroni correction was applied to 
the alpha values to correct for multiple comparisons at the 0.05 level, (i.e. 0.05/9=0.0056). In addition, whistle 
modulation (e.g. aspects of start and end slope, frequency gradient etc) and whistle complexity (e.g. steps and 
jumps) were compared between populations to investigate trends in signature whistle type form. 
 
6.2.9. Micro-geographic variation in bottlenose dolphin signature whistle types 
 
Following all macro-geographic and species comparisons, a focused investigation of micro-geographic variation 
between Scotland East and West Coast and Zanzibar North and South Coast was conducted.  These populations 
are separated by relatively short distances, and movement of animals occurs between the regions. As such, they 
represent model systems for investigating whether the degree of similarity or divergence in signature whistle 
types is greater than intra-specific relationships would predict.  
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Figure 6.1. Demonstration of pairwise interpolation of contours to standardise for length in each comparison.  
Here a linear interpolation function is applied to the shortest duration whistle (blue) in each pair-wise 
comparison so that the new interpolated whistle (green) has an identical duration to that of the longest contour 
(red).  Pearson correlation co-efficients are then calculated to determine the similarity in the overall contour 
shape. 
 
 
6.3. Results 
The characteristics of over 5177 extracted contours from bottlenose dolphin were considered in this study, 
equating to more than 99 signature whistle types (n= 50 from T. truncatus populations and 49 from T. aduncus). 
This includes 4 known signature whistles from Harderwijk and 8 from Florida. The total sample of signature 
whistles types identified using the 91SS method was n = 494, as only 4 repeated emissions were available for 
one known Harderwijk signature whistle. In five populations (Florida, Scotland West Coast, Zanzibar South, 
Zanzibar North and Mikura), the recording sampling rate was or exceeded 20 kHz and there was no obvious 
bandwidth limitation on the highest frequencies of the contours. For Harderwijk, Plettenberg Bay and Jervis Bay, 
the proportion of high frequency restricted contours was low (between 0.07 to 1.73%).  However for Doubtful 
Sound and Scotland East Coast, where the recording bandwidth was limited to between 18 and 25 kHz, around 
3% (2.83% Scotland East Coast and 3.24% for Doubtful Sound) of the contours were bandwidth limited and thus 
were not considered for contour extraction. Although this is a small fraction of the overall contours analysed, it 
suggests that some frequency parameters, particularly maximum and mean frequency, may be conservative 
estimates for these populations.  
 
6.3.1. Methodological comparisons 
Descriptive statistics including those for nine core contour parameters are presented in Table 6.2 for both the 91 
section by section (91 SS) and 96 all contours (96 ALL) methods of signature whistle type identification. When 
data were pooled across populations (without KSWs), the method used to identify signature whistles types (91 
SS or 96 ALL) had a significant influence on 3 of the 9 key parameters considered, these were; end frequency 
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(WR: W1047= 114309, P < 0.001), maximum frequency (WR: W1047 = 118790, P < 0.01) and frequency range 
(WR: W1047 =115272,  P < 0.001).  However, if comparisons between parameter values from each method were 
made on a population by population basis, a wider range of parameters were affected (Table 6.2). In most cases 
(75/90 comparisons), the method used had no influence on the parameter values and as they generally agreed, 
the outcome of the 91 SS method was used as the basis for all comparisons between populations.   
 
In the majority of cases, comparing the frequency parameters of signature whistle types with an equal number of 
randomly chosen contours or the whole contour repertoire, had little influence on the parameter values obtained 
(Figures 6.2. plots, A-E). Where differences existed, the signature whistle types were often lower in frequency 
than the matched subsample or whole contour repertoire (e.g. Florida start frequency or Mikura end frequency). 
However, the maximum frequency of signature whistle types was higher than the matched sample or whole 
contour repertoire for Harderwijk and Scotland West Coast (KW: P < 0.05 in both cases). The signature whistle 
types had a greater frequency range for Harderwijk, Florida and Scotland West Coast (KW: P < 0.05 in all 
cases). Signature whistle types had significantly longer durations and a greater number of inflection points 
compared to the random subsample or whole contour repertoire in all populations apart from Scotland West 
Coast, Scotland East Coast and Doubtful Sound. The difference in mean duration was particularly high for 
Florida signature whistle types (ratio of mean SW : mean R = 2.1) and Zanzibar South (ratio of mean SW : mean 
R = 1.8). The number of inflection points in the signature whistle types from Florida were the highest, reaching a 
maximum of 18, compared to 12 in the whole contour repertoire. 
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Table 6.2. Key contour parameters of signature whistles types from 10 populations of bottlenose dolphins. Average values (± standard deviation, SD) are 
presented from each population calculated from 5 repeated emissions of each SWT. Frequency parameters (in kHz) are shown by F(parameter). Duration (Dur), 
number of inflection points (Inf) and coefficient of frequency modulation (COFM) are also shown.  Parameter values for both 91 section by section (91S) 
and 96 all (96A) methods of signature whistle type identification are shown. For Harderwijk and Florida, the first value in each column is calculated without 
the inclusion of known signature whistle types, and the second value includes known signature whistles. Significant differences between the methods are 
calculated with Wilcoxon’s (WR) rank sum for equal medians and are underlined and highlighted in bold.   
 Harderwijk Florida 
Scotland 
West Coast 
Scotland 
East Coast 
Doubtful 
Sound 
Plettenberg 
Bay 
Zanzibar 
South 
Zanzibar 
North Mikura 
Jervis 
Bay 
Method 91S 96A 91S 96A 91S 96A 91S 96A 91S 96A 91S 96A 91S 96A 91S 96A 91S 96A 91S 96A 
N. 5/9 6/14 14 4 4 5 12 18 11 10 12 13 6 6 9 22 12 12 11 16 
Fstart 4.9/5.5 4.3/5.2 7.5/6.1 7.3/5.8 6.6 5.8 6.7 7.0 9.0 9.1 6.2 6.1 5.5 4.4 5.2 5.7 6.0 5.6 6.9 8.0 
± SD 2.1/2.5 2.5/2.7 1.6/2.0 1.7/2.0 1.4 1.0 2.9 2.9 3.3 2.3 3.3 3.5 1.6 1.2 2.6 3.2 1.9 1.4 4.9 4.5 
Fend 13.6/12.3 13.4/12.2 14.0/15.2 14.2/15.4 14.9 14.9 10.5 11.5 11.3 11.1 6.3 6.9 9.0 10.6 11.4 13.3 7.8 9.3 5.7 7.5 
± SD 4.0/4.6 3.7/4.4 4.5/5.8 4.1/5.8 5.8 4.3 5.0 5.5 5.2 5.0 4.2 3.8 3.6 3.9 5.1 4.9 4.3 5.4 3.0 4.1 
Fmin 4.8/4.8 4.0/4.3 6.8/5.6 6.8/5.4 6.0 5.0 6.0 6.2 7.1 7.3 4.0 4.6 4.3 3.9 3.9 4.1 4.8 4.7 3.9 4.8 
± SD 2.1/1.9 2.1/1.9 1.4/1.7 1.8/1.8 1.5 0.9 2.1 2.0 2.3 2.2 1.8 2.1 0.9 0.9 1.1 0.9 1.7 1.2 2.0 2.2 
Fmax 15.6/15.1 15.6/15.1 15.0/16.6 15.3/17.0 15.7 15.9 13.8 15.1 16.3 17.9 9.9 9.6 11.8 11.3 12.7 14.0 12.3 13.9 11.3 12.2 
± SD 5.5/4.5 5.5/4.5 3.4/4.8 2.9/4.7 6.0 4.8 5.0 4.9 4.4 2.7 3.3 3.4 2.9 3.2 5.2 4.7 3.4 3.2 4.4 3.5 
Frange 10.8/10.3 11.6/10.8 8.2/11.0 8.4/11.6 9.8 10.9 7.7 8.9 9.1 10.6 5.9 4.9 7.4 7.4 8.8 9.9 7.6 9.2 7.4 7.4 
±  SD 5.8/4.8 5.1/4.3 3.1/4.9 2.2/4.7 5.6 4.3 4.8 5.0 3.2 3.3 3.8 3.8 2.7 2.9 5.6 5.0 3.7 3.5 4.1 3.6 
Fmean 9.2/9.5 8.5/9.1 10.4/10.2 10.8/10.3 10.0 9.4 10.0 10.5 11.4 12.0 6.5 6.8 7.4 7.1 6.6 7.4 8.5 9.1 7.4 8.1 
± SD 3.9/3.1 4.3/3.4 2.0/2.0 2.2/2.1 3.6 3.5 3.0 2.9 3.1 2.2 1.5 1.6 1.3 1.5 1.7 1.7 1.7 1.4 2.4 1.9 
Dur 0.7/0.8 0.7/0.7 0.8/1.0 0.7/1.0 0.7 0.9 0.8 0.8 1.0 1.0 0.7 0.5 0.7 0.5 0.5 0.5 0.7 0.7 0.6 0.6 
± SD 0.3/0.4 0.3/0.4 0.3/0.4 0.4/0.4 0.5 0.4 0.5 0.4 0.5 0.5 0.5 0.5 0.3 0.2 0.3 0.3 0.5 0.4 0.2 0.2 
Inf 1.5/2.0 1.4/2.0 2.4/4.1 2.8/4.6 0.7 0.8 1.4 1.3 1.5 1.4 1.5 1.0 2.3 1.0 1.3 1.0 2.1 1.5 1.3 1.2 
± SD 1.6/1.7 1.7/1.8 2.3/3.7 2.7/3.8 0.9 1.2 1.9 1.5 1.4 1.3 1.4 1.3 2.0 1.4 1.7 1.5 1.9 1.7 0.9 0.8 
COFM 1.8/2.3 1.8/2.3 1.7/3.4 2.0/3.8 1.4 1.3 1.5 1.6 2.0 2.2 1.2 0.9 2.0 1.3 1.6 1.6 2.0 2.0 1.6 1.5 
± SD 1.6/1.7 1.6/1.7 0.9/2.4 0.9/2.4 0.7 0.6 1.3 1.2 1.1 0.9 1.1 1.0 1.3 1.0 1.7 1.3 1.5 1.2 1.0 0.8 
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                                                                                                                               Continued overleaf... 
SW   S    R     SW   S   R   SW   S   R   SW   S   R  SW   S   R   SW   S   R  SW   S   R   SW   S   R   SW   S   R    SW   S   R      
SW   S    R     SW   S   R   SW   S   R   SW   S   R  SW   S   R   SW   S   R  SW   S   R   SW   S   R   SW   S   R    SW   S   R      
119
  
E) 
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G) 
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Figure 6.2.  A-H: Core frequency parameters of signature whistle types (SW), a matched subsample of 
contours (S) and whole whistle repertoires (R) from 10 populations of bottlenose dolphins. A) Start 
Frequency, B) End Frequency,  C) Minimum Frequency, D) Maximum Frequency, E) Range Frequency, F) 
Mean Frequency, G) Duration, H) Number of inflection points.  Significant differences between the contour 
samples are indicated by a star (    ).  No recordings were available above 24 kHz for Doubtful Sound or 
Scotland East Coast and it is possible that the end and maximum frequencies are influenced by this, as 
indicated by a black dashed line. Box plots show lower quartile, median, and upper quartile values, and 
maximum whisker length is 1.5 the inter-quartile range. Populations codes are as follows:  Tursiops truncatus 
populations: Florida (FL),  Scotland West Coast (SW), Scotland East Coast (SE), Doubtful Sound (DS). 
Tursiops aduncus populations include: Plettenberg Bay (PB), South Zanzibar (ZS) and Zanzibar North (ZN), 
Mikura (MK) and Jervis Bay (JB). 
 
6.3.2. Geographic variation in the frequency and duration of bottlenose dolphin signature whistle types 
Inter- and intra-specific variation in signature whistle types was apparent using both 5 repeated emissions of 
each SWT and mean SWT values in statistical comparisons. All inter-specific comparisons of frequency 
characteristics highlight a strong species effect with T. truncatus consistently producing higher frequency 
signature whistle types (Figure 6.2 A-D, F, Appendix 11 &12, WR:  P < 0.05 for all comparisons of whistle 
frequency parameters). The mean frequencies did not overlap, ranging from 9.5 to 11.4 kHz in T. truncatus 
populations and 6.5 to 8.5 in T. aduncus populations (Table 6.2, 91 SS method,  KSWs included). The SWTs of 
T. truncatus were also longer in duration than T. aduncus  (WR: P < 0.01, mean T. truncatus duration 0.89 s ± 
SD 0.41 s, mean T. aduncus 0.66 s ± SD 0.35 s). 
 
Intra-specific variation was lower than inter-specific, though highly significant variation was apparent for most 
of the frequency parameters when 5 repeated emissions of each signature whistle type were considered 
(Appendix 11 &12). Within T. truncatus, there was variation in all frequency measurements (KW: P  < 0.05) 
apart from the upper quartile point (KW: H 4,244 = 3.1,  P = 0.547) . Whistle duration was also significantly 
different between populations, with the shortest signature whistles recorded in Scotland West Coast (mean 0.71 
s, ± SD 0.48 s) and the longest in Doubtful Sound (mean 1 s. ± SD 0.5). The highly looped structure of the 
signature whistle types from Florida translates into a significantly higher number of inflection points for all intra-
specific (and 3/4 inter-specific) comparisons. However, these effects were reduced in tests where mean SWT 
values were used as the unit of comparison (Appendix 11). There was strong support that the start frequency was 
different between T. truncatus populations, with Doubtful Sound having the highest start frequency of all the T. 
truncatus populations considered (mean Fstart = 9.0 kHz  ± SD 3.3 kHz for Doubtful Sound compared to 5.5 kHz  
± SD 2.5 for Harderwijk).  
 
Like T. truncatus, when 5 repeated emissions of each signature whistle type were considered there was 
considerable intra-specific variation for most of the frequency parameters of T. aduncus. However,  there was no 
variation in duration between T. aduncus populations (KW: H4,240  = 8.2, P = 0.084, Appendix 11 & 12). Using 
both the 5 replicates and mean SWT approach, there was strong support for intra-specific variation in the end 
frequency, first and mid frequency points and frequency gradient (KW: P < 0.05 for all parameters for both 5 
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replicates and mean SWT approaches). In particular, Zanzibar North has the highest end frequency of all T. 
aduncus populations considered (mean 11.4 kHz ± SD 5.1 kHz) and Jervis Bay had the lowest (mean 5.7 kHz ± 
SD 3.0 kHz). There were no perceivable differences in the nine core SWT parameters between Plettenberg Bay 
and Jervis Bay using either the five replicates or mean SWT approaches (WR after Bonferroni correction for 
multiple comparison, P > 0.05 for all nine core parameters).  
 
When 5 repeated emissions of each SWT were considered, there was geographic population level variation in 23 
out of 25 of the contour parameters considered. This reduced to 14/25 when mean SWTs were the unit of 
comparison. Amongst all the populations, Doubtful Sound stood out as having particularly high values for start 
and mean frequency (apparent in Figure 6.2 A & F).  Whilst frequency parameters showed considerable 
geographic and species variation, the relationship is less strong for features of whistle shape and complexity (see 
sections below for further discussion), and many of these features showed no intra-specific variation. Overall, 
the start and minimum frequency were positively correlated (r = 0.65, P < 0.0001), and a weak yet significant 
correlation was apparent between minimum and maximum frequency (r = 0.37, P < 0.0001). Co-efficient of 
frequency modulation and number of inflection points were also highly correlated (r = 0.76, P < 0.001), so 
emphasis is placed on the inflection points in further discussion.   
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6.3.3. Co-efficient of variation (COV) of signature whistle type parameters 
The signature whistle types and whole whistle repertoire had similar levels of variation for core frequency 
parameters (e.g. COV for mean frequency; SWT = 28 and 26 vs. whole repertoire = 30 and 26, for T. truncatus 
and T. aduncus respectively).  However, compared to the SWTs (Table 6.4), the COV for duration and inflection 
points was higher when whole repertoires were considered (COV for duration = 69 and 61, inflection points = 
141 and 153, for T. truncatus and T. aduncus respectively).  The degree of variation in SWT parameters differs 
significantly (ANOVA on Box Cox transformed COV data, F7,72 = 30.626,  P < 0.0001).   Whistle duration, 
number of inflection points and co-efficient of frequency modulation showed the greatest variation, whilst mean 
frequency showed the lowest variation across populations (Figure 6.3).  Variation within T. aduncus was higher 
than within T. truncatus for most parameters (start, end, minimum and maximum frequencies, frequency range 
and duration), but was lower for mean frequency and number of inflection points.  Variation for the COFM was 
similar for inter and intra specific comparisons.  
 
Table 6.4. Comparison of signature whistle type coefficient of 
variation within genus and within species for nine core whistle 
parameters 
 SWT Co-efficient of variation 
 Tursiops T. truncatus T. aduncus 
Start Frequency 47.60 42.09 53.02 
End Frequency 55.05 43.93 58.58 
Minimum Frequency 41.20 35.71 39.59 
Maximum Frequency 36.23 31.54 34.98 
Mean Frequency 32.73 28.26 26.12 
Frequency Range 54.25 49.11 57.11 
Duration 58.89 53.10 62.41 
No. of inflections 115.00 119.01 99.69 
COFM 83.72 81.52 81.19 
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Figure 6.3. Co-efficient of variation ((standard deviation/mean)*100) for nine core parameters (F = Frequency, kHz) of bottlenose dolphins signature 
whistle types from 10 populations. Duration is measured in seconds and inflection points as a count. Tursiops truncatus populations: Florida (FL), 
Scotland West Coast (SW), Scotland East Coast (SE) and Doubtful Sound (DS). Tursiops aduncus populations include: Plettenberg Bay (PB), Zanzibar 
South (ZS), Zanzibar North (ZN), Mikura (MK) and Jervis Bay (JB). 125
  
6.3.4. Principal component analysis of bottlenose dolphin signature whistle types 
All 25 parameters were non- normally distributed (Shapiro-Wilk normality test: P < 0.05). Frequency measures 
were transformed using the Box Cox powers transformation to shift the data towards a more normal distribution; 
however only 3 parameters reached statistical normality. PCA was performed on the transformed data using the 
scale function as variances were unequal (Leven’s test: P < 0.05).  The cumulative amount of variation explained 
by the first three components was 60% with the first principal component (PC1) explaining 30% of the variation, 
the second explaining 15% and the third 15%. The first 11 components explained over 90 % of the variation.  
The whistle parameters which accounted for most of the variation in PC1 were those relating to whistle 
frequency, including mean, maximum and median frequency (PC1 scores 34, 33 and 32).  Absolute and inter-
quartile frequency ranges also scored highly (PC1 score of 28 to 25) together with the co-efficient of frequency 
modulation and end frequency (PC1 score of 25 for both).  On PC2, the frequency gradient loaded highly (PC2 
score of 38), together with the duration (PC2 score of 34) and inflection points (PC2 score of 25). On the third 
principal component, start frequency and jumps (number and presence or absence, binary scores), minimum 
frequency and presence of steps had the highest loadings (PC3 scores of 35 to 24).  
 
All of the first 6 principal components with Eigenvalues greater than 1 showed population level geographic 
variation (KW on PC 1-PC 6 values, grouped by population: P < 0.05, d.f = 9,484 in all cases).   Ordination plots 
of principal components 1 and 2 showed some grouping by population (Figure 6.4, plot A) however, 
considerable overlap was apparent. For example, PCA values for Harderwijk signature whistles types were 
widely dispersed. Similarity of PCA values within a signature whistle type can be seen, highlighted (grey oval) 
where each of 5 replicated whistles with a signature category group together. Inter-specific differences are 
clearer (Figure 6.4, plot B), with an obvious divide along the 1st principal component axis, which are 
predominantly those relating to whistle frequency components. Significance tests between each population on 
principal components 1 to 3 supported these observations (Table 6.5). Variation was apparent at the population 
level for PC2 and PC3. Doubtful Sound and the East coast of Scotland did not differ from each other on PC3, but 
were significantly different from most other populations, which accounted for most of the population variation 
apparent on this dimension.     
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A)  
 
B) 
 
Figure 6.4. Principal component analysis scaling (ordination) plots of the signature whistle types from 10 
bottlenose dolphin populations based on measurements of 25 whistle parameters. Plot A is colour colded by 
region and demonstrates clustering according to population and within whistle type (example highlighted by 
grey circle). Lower plot (B) is colour coded by species and demonstrates a division between populations of 
T. truncatus and T. aduncus along the axis of the first principal component. Population codes are: Tursiops 
truncatus: Florida (FL),  Scotland West Coast (SW), Scotland East Coast (SE) and Doubtful Sound (DS) 
Tursiops aduncus: Plettenberg Bay (PB), Zanzibar (ZS), Zanzibar North (ZN), Mikura (MK) and Jervis Bay 
(JB).  
 
T. truncatus 
 
 
 
T. aduncus 
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Table 6.5. Pairwise Wilcoxon rank sum (WR) comparisons of principal component scores from whistle 
parameters of 10 populations of bottlenose dolphins. Components are derived from 25 automatically 
extracted whistle parameters. Values of P are shown above the diagonal and significant values after 
Bonferroni correction for multiple comparisons are indicated by a 1 in bold below the diagonal (ά 0.05 
equivalent to P < 0.0056). Inter-specific comparisons highlighted in grey, micro-geographic comparisons in 
yellow. Population codes are: Tursiops truncatus: Florida (FL),  Scotland West Coast (SW), Scotland East 
Coast (SE) and Doubtful Sound (DS). Tursiops aduncus populations include: Plettenberg Bay (PB), 
Zanzibar South (ZS), Zanzibar North (NZ), Mikura (MK) and Jervis Bay (JB). 
Principal component 1 HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.018 0.755 0.615 0.037 0.000 0.001 0.000 0.004 0.000
FL 0 * 0.195 0.002 0.868 0.000 0.000 0.000 0.000 0.000
SW 0 0 * 0.474 0.398 0.000 0.008 0.001 0.015 0.001
SE 0 1 0 * 0.009 0.000 0.006 0.000 0.019 0.000
DS 0 0 0 0 * 0.000 0.000 0.000 0.000 0.000
PB 1 1 1 1 1 * 0.002 0.017 0.000 0.068
ZS 1 1 0 0 1 1 * 0.302 0.207 0.122
ZN 1 1 1 1 1 0 0 * 0.006 0.690
MK 1 1 0 0 1 1 0 1 * 0.001
JB 1 1 1 1 1 0 0 0 1 * 
Principal component 2 HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.023 0.134 0.459 0.012 0.001 0.425 0.022 0.062 0.000
FL 0 * 0.000 0.014 0.786 0.233 0.122 0.000 0.567 0.061
SW 0 1 * 0.021 0.001 0.000 0.029 0.837 0.003 0.000
SE 0 0 0 * 0.010 0.003 0.990 0.001 0.038 0.000
DS 0 0 1 0 * 0.422 0.113 0.000 0.842 0.231
PB 1 0 1 1 0 * 0.050 0.000 0.278 0.808
ZS 0 0 0 0 0 0 * 0.005 0.275 0.004
ZN 0 1 0 1 1 1 1 * 0.000 0.000
MK 0 0 1 0 0 0 0 1 * 0.318
JB 1 0 1 1 0 0 1 1 0 * 
Principal component 3 HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.210 0.567 0.001 0.000 0.436 0.593 0.063 0.044 0.112
FL 0 * 0.544 0.000 0.000 0.022 0.040 0.355 0.000 0.011
SW 0 0 * 0.000 0.001 0.192 0.175 0.127 0.017 0.229
SE 1 1 1 * 0.403 0.006 0.003 0.000 0.092 0.248
DS 1 1 1 0 * 0.003 0.004 0.000 0.025 0.102
PB 0 0 0 0 1 * 0.962 0.006 0.243 0.448
ZS 0 0 0 1 1 0 * 0.006 0.114 0.435
ZN 0 0 0 1 1 0 0 * 0.000 0.006
MK 0 1 0 0 0 0 0 1 * 0.955
JB 0 0 0 0 0 0 0 0 0 * 
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6.3.5. Frequency range and adopted frequency of bottlenose dolphin signature whistle types 
Tursiops truncatus used a broader frequency range in signature whistle type production than T. aduncus. 
Frequency ranges of 7.7 (± SD 4.8) to 11.0 (± SD 4.9) kHz are apparent in populations of T. truncatus and 5.9 (± 
3.8) to 8.8 (± 5.6) kHz in T. aduncus populations (Table 6.2, 91 SS method, KSWs included). Intra-specific 
variation within T. truncatus appeared to be driven by Scotland East Coast using a significantly narrower 
frequency band than Florida or Harderwijk.  Although animals from Doubtful Sound used higher frequencies 
(e.g. see Figure 6.2 and Appendix 12), the bandwidth used did not differ significantly from any other T. 
truncatus populations (pairwise Wilcoxon rank sum test comparisons, all non significant after Bonferroni 
correction, Appendix 12), demonstrating utilisation of a higher frequency band as opposed to a wider frequency 
range.  Whilst the ranges of frequencies used by T. aduncus were more similar to each other, variation is driven 
by differences between Zanzibar North and Plettenberg Bay.    
 
The adopted frequency of signature whistle types identified through the 91 SS method (black dashed line, T. 
truncatus, blue dashed line, T. aduncus) compared to the 96 ALL method (red dotted line) showed strong 
agreement (Figure 6.5). The adopted frequency (AF) showed a clear peak in most populations, with a high 
proportion of the total contour duration concentrated in a particular frequency band. However, the frequency of 
this peak differed between regions. A high degree of variation in the adopted frequency values between signature 
whistles types (not plotted), suggests individual variation in this parameter. Geographic variation in 3 of the 4 
frequency bands investigated (5, 15 and 20 kHz) was significant using the mean for each SWT as the unit of 
comparison (KW: d.f. = 9,89,  P < 0.05 in all cases) but showed no difference for the 10 kHz band (KW: H9,89 = 
11.13,  P = 0.267). Highly significant differences were apparent for all frequency bands when compared using 5 
replicates of each SWT (KW: d.f= 9, 484, P < 0.0001 in all cases). Whilst populations of both species 
concentrated a proportion of their signature whistle types in the 10 kHz band (WR of AF in T. truncatus vs. T. 
aduncus at 10 kHz non significant: W1,97= 1227,  P = 0.99), those of T. aduncus were also concentrated at 
frequencies below this. Tursiops truncatus concentrated a relatively high proportion of their signature contours 
in the 15 kHz bandwidth, which is barely utilised by populations of T. aduncus.   
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Figure 6.5. Adopted frequency (AF) distribution of signature whistle types (SWTs)  produced by 10 populations 
of bottlenose dolphins.  Calculated as the proportion of total contour duration within 1 kHz frequency bins and 
calculated as mean value for each population where each SWT is represented 5 times. SWT determined using the 
91 SS method are shown by a black dashed line (T. truncatus) or blue dashed lines (T. aduncus). AFs of SWTs 
determined using the 96 ALL method are show for comparison in red on each plot. Arrows on the Harderwijk 
plot (top left) demonstrate the frequency bands (5, 10, 15, 20 kHz) for which significance tests were performed.   
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6.3.6. Intra- and inter-population variability of signature whistle type structure and complexity  
Variation in SWT structure and complexity was greater than that in SWT frequency parameters (Appendix 11). 
The COV for inflection points of all SWTs (COV=115) was more than twice that of the frequency parameters. 
The number of steps, aspect of start and end slope and frequency gradient were all highly variable (COV scores 
of 357, 221, 409, 187 respectively). The number of inflection points was greatest in the Florida signature whistle 
types and lowest in those from the West coast of Scotland. In comparisons using 5 replicates of each SWT, the 
presence and number of steps were the only SWT parameters not to vary geographically (KW: H9,484 = 9.0, P = 
0.441 for P/A of steps and H9,484 = 9.5, P= 0.396 for number), suggesting large individual differences in this 
parameter (Figure 6.6,  Appendix 11). In populations of T. truncatus, signature whistle types tended to start with 
a positive slope (average beginning slope parameter = 0.35 to 0.68) (Appendix 10 a-f). Tursiops aduncus 
populations were more variable in the aspect of the beginning slope, with the SWTs of dolphins from Mikura 
generally starting with a positive slope, whilst Zanzibar North and South and Jervis Bay showed a tendency to 
start by declining in frequency or with a section of relatively constant frequency. Again, there was considerable 
inter-SWT variation in these measures. Signature whistle types tended to increase in frequency over the duration 
of the contour. The frequency gradient (FG) was greatest in those from Scotland West Coast, Harderwijk, 
Florida and Zanzibar North (mean FG 16.3, 12, 10.7, 14.7 respectively). Over 2/3rds of the SWTs from these 
populations finished at least 2 kHz higher than they started. Plettenberg Bay and Jervis Bay (both T. aduncus) 
were the only populations where the end point was likely to have a lower frequency than the start.  
 
Figure 6.6. Mean values (± SD) for number of steps and jumps measured from the signature whistle types 
(SWT) of 10 populations of bottlenose dolphins. SWT were identified using the 91SS method and 5 replicates 
were included from each SWT. Standard deviations are large and demonstrate the high variability in these 
measures within each population. Tursiops truncatus populations: Florida (FL),  Scotland West Coast (SW), 
Scotland East Coast (SE) and Doubtful Sound (DS). Tursiops aduncus populations: Plettenberg Bay (PB), South 
Zanzibar (ZS), Zanzibar North (ZN), Mikura (MK) and Jervis Bay (JB). 
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To investigate whether populations converge on a similar whistle type, pairwise correlations of SWT contours 
(standardised in time) were carried out and diversity was assessed within and between populations. A matrix of 
dissimilarity based on correlation values was used to visualise relationships in multi-dimensional space. Of the 
10 MDS runs, five converged before reaching the iteration maxima (200 iterations) and produced equivocal 
stress outputs (0.156 - 0.159). Stress values were the smallest when MDS was conducted in 3 dimensions. The 
best fit, displayed below (Figure 6.7) shows that whilst grouping was apparent, populations were not clearly 
separated. The pattern demonstrates a somewhat ‘circular’ dependency amongst the whistles, so that each 
signature whistle type shape has a set of closest neighbours.  
 
The average whole SWT contour correlation value for all pairwise comparisons was 8.015 i.e. slightly positive. 
There was a population effect, with signature whistle types more highly correlated within populations than 
between (WR: W1,53 = 117, P < 0.05, Table 6.6,  Figure 6.7 and 6.8). However, average intra-specific 
correlations were no greater than comparisons between the species (ANOVA: F2,42 = 0.80, P = 0.428). The 
variability of SWTs within Florida and Zanzibar North was significantly lower than for most other populations 
considered (correlation values 22.1 and 29.9 respectively, Table 6.6, Figure 6.8). Both Doubtful Sound and 
Plettenberg Bay had relatively high levels of signature whistle diversity, illustrated by the low within population 
correlation co-efficients (7.5 and 5.6 respectively), and greater spread in the MDS. Whistle similarity within 
these populations was significantly lower than for most other populations (Table 6.6). The greatest similarity in 
SWT contours was found between the populations Florida, Scotland West Coast, Zanzibar South and Zanzibar 
North.  There is a dense cluster of whistle types apparent to the right in the MDS plot representing similarity in 
SWTs. This is likely to reflect the common occurrence of upswept contours forming disconnected multi-looped 
signature whistle types in many populations (Appendix 10). 
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Figure 6.7. Multi-dimensional scaling of signature whistle types (SWT) identified from 10 populations of 
bottlenose dolphins. Each SWT is represented by 5 emissions. Population codes are: Tursiops truncatus: 
Florida (FL), Scotland West Coast (SW), Scotland East Coast (SE) and Doubtful Sound (DS). Tursiops 
aduncus: Plettenberg Bay (PB), Zanzibar South  (ZS), Zanzibar North (ZN), Mikura (MK) and Jervis Bay (JB). 
The closer together the points are in multi-dimensional space, the more similar the SWT contours are. 
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Continued overleaf... 
A) Harderwijk
E) Doubtful Sound 
D) Scotland East CoastC) Scotland West Coast 
B) Florida 
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Figure 6.8. Multi-dimensional scaling based on correlations of 
signature whistle types from 10 populations of bottlenose dolphin. 
Each plot is the same configuration with a different population 
highlighted. T. truncatus populations: Harderwijk (A), Florida (B),  
Scotland West Coast  (C), Scotland East Coast (D) and Doubtful 
Sound (E). Tursiops aduncus populations: Plettenberg Bay (F), 
Zanzibar South (G), Zanzibar North (H), Mikura (I) and Jervis Bay 
(J). 
F) Plettenberg Bay G) Zanzibar South
H) Zanzibar North I) Mikura 
J) Jervis Bay
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Table 6.6. Average (±SD) pair-wise comparison of signature whistle type correlation values between 10 populations of bottlenose 
dolphins. Each SWT was represented by 5 repeated emissions. Inter- specific comparisons between populations of T. truncatus and T. 
aduncus are shaded in gray. Intra-population values are shown along the diagonal, highlighted in yellow. P-values of pairwise Wilcoxon 
rank sum tests on population correlation values are shown above the diagonal and are highlighted in bold where significant after 
Bonferroni correction for multiple comparisons (equivalent to ά 0.05 = P < 0.005).  
 Harderwijk Florida 
Scotland 
West 
Scotland 
East 
Doubtful 
Sound 
Plettenberg 
Bay 
Zanzibar 
South 
Zanzibar 
North Mikura 
Jervis 
Bay 
Harderwijk 
 
16.53 
(46.13) 
 
0.012 
 
0.584 
 
0.000 
 
0.000 
 
0.000 
 
0.148 
 
0.000 
 
0.008 
 
0.046 
 
Florida 
 
16.78 
(36.16) 
 
22.18 
(32.85) 
 
0.016 
 
0.000 
 
0.000 
 
0.000 
 
0.000 
 
0.000 
 
0.000 
 
0.000 
 
Scotland West 
 
 
13.32 
(48.64) 
 
18.75 
( 37.59) 
 
14.63 
(57.42) 
 
 
0.162 
 
 
0.030 
 
 
0.090 
 
 
0.496 
 
 
0.003 
 
 
0.625 
 
 
0.793 
 
Scotland East 
 
9.27 
(45.53) 
 
8.987 
(39.20) 
 
5.21 
(53.24) 
 
7.57 
(49.97) 
 
0.001 
 
0.092 
 
0.082 
 
0.000 
 
0.068 
 
0.057 
 
Doubtful Sound 
 
7.95 
(42.96) 
 
6.62 
( 36.12) 
 
3.55 
(51.61) 
 
5.08 
(47.41) 
 
3.23 
(49.10) 
 
 
0.038 
 
0.000 
 
0.000 
 
0.000 
 
0.000 
 
Plettenberg Bay 
 
4.23 
(45.23) 
 
4.98 
(38.30) 
 
0.92 
(50.29) 
 
3.22 
(45.88) 
 
3.36 
(45.13) 
 
5.65 
(44.77) 
 
0.002 
 
0.000 
 
0.000 
 
0.001 
 
Zanzibar South 
 
11.48 
(41.17) 
 
16.55 
(33.33) 
 
13.58 
(42.82) 
 
7.70    
(40.97) 
 
5.38 
(40.65) 
 
4.28 
(41.63) 
 
13.81 
(36.82) 
 
0.000 
 
0.181 
 
0.704 
 
Zanzibar North 
 
11.60 
(49.28) 
 
21.61 
(39.52) 
 
21.91 
(50.97) 
 
4.54 
(49.32) 
 
2.73 
(46.65) 
 
2.25 
(48.85) 
 
19.06 
(43.79) 
 
29.93 
(49.55) 
 
0.000 
 
0.000 
 
Mikura 
 
10.71 
(42.14) 
 
12.87 
(33.81) 
 
7.16 
(46.67) 
 
8.18 
(42.36) 
 
6.78 
(42.33) 
 
7.78 
(42.42) 
 
10.79 
(39.25) 
 
8.70      
(45.45) 
 
12.79 
(39.36) 
 
0.884 
 
Jervis Bay 
 
5.29 
(42.25) 
 
0.14 
(36.46) 
 
-2.37 
(50.43) 
 
3.69 
(46.81) 
 
4.74 
(48.49) 
 
3.38 
(44.17) 
 
3.79 
(41.09) 
 
-2.21 
(46.69) 
 
4.82 
(42.69) 
 
12.43 
(48.97) 
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6.3.7. Micro-geographic variation in signature whistle types 
There was limited support for acoustic convergence between neighbouring populations from either species 
(Scotland: T. truncatus, Zanzibar: T. aduncus). Of eight whistle parameters tested, there were no perceivable 
differences between Zanzibar North and South, and only one significant difference between Scotland East and 
West Coast (end frequency) (Appendix 12). There was no difference in the end frequency of the Scottish 
populations when comparisons were based on mean SWT values (WR: W1,14= 39, P = 0.078). The Zanzibar 
populations differed on PC2 but not PC3, whilst the Scottish populations differed on PC3 but not PC2 (Table 
6.5). Correlation of whole signature whistle type contours between North and South Zanzibar was high (19.06 ± 
SD 43.79) compared to other intra-specific comparisons. However they were not the highest values reported for 
either population. Signature whistle type contour correlation values for Scotland East and West Coast were 
amongst the lowest for any of the intra-specific comparisons (5.21± SD 53.24) and were highly variable. 
 
6.4. Discussion 
This study has highlighted significant multi-dimensional variation in the signature whistle type characteristics of 
ten populations of bottlenose dolphins (Tursiops spp.). As there are very few reports quantifying the frequency 
parameters used by T. aduncus, this is the most comprehensive account describing geographic variation in the 
whistle emissions of this species.   
 
6.4.1. Methodological considerations in the study of geographic and species variation 
The core parameter values from signature whistle types identified using two different vigilance parameters (91 
and 96) and contour presentation techniques gave similar results, generating confidence in the trends identified 
between populations and the robustness of the techniques. The whistle sampling method used to investigate 
variation (signature whistle types or contours) had a significant influence on the values for all core parameters, 
although not all populations were affected equally. Where differences existed in frequency values, the signature 
whistle types generally had the lowest frequencies of the 3 contour sampling methods. As signature whistles are 
likely to be used as contact calls, to maintain group cohesion (Janik and Slater, 1998,  Watwood et al. 2005), 
selective preference for lower frequency components might be expected, as these transmit further in the marine 
environment (Janik 2000a). Conversely, the maximum frequency of signature whistle types from Harderwijk and 
Scotland West coast were greater than those from the other two contour sampling methods. It is possible that the 
inclusion of known signature whistles in the Harderwijk sample shifted the maximum frequency upwards, either 
because the quality of the recordings was particularly high so that high frequency components suffered no 
attenuation effects or because whistle frequency parameters modify under stressful circumstances (Esch et al. 
2009a) such as the isolation contexts in which these recordings were made. However, Esch et al. (2009a) only 
detected an effect of captures in frequency parameters for mothers caught with dependent calves,  and on the 
whole they do not appear to differ between capture –release and undisturbed conditions (Esch et al. 2009a). For 
137
  
Scotland West Coast, the relationship is not easily explained. Whilst it might be a result of the small sample size 
of signature whistle types from this region, selective advantages of higher frequency SWTs which may be more 
easily localised at short distances (Esch et al. 2009a), cannot be discounted for this population. 
 
For most populations (7/10) the duration and number of inflection points were much higher for signature whistle 
types, compared to the contour samples.  This reflects the use of disconnected multiple-looped SWTs by most 
populations (Chapter 4) and demonstrates a source of potential bias in previously reported characteristics of 
bottlenose dolphin whistle features (e.g. Wang et al. 1995, Morisaka et al. 2005a, Hawkins, 2010).  
Investigations of geographic variation in whistles in which the authors do not join the loops of disconnected 
multi-loops together to form one vocal output (e.g. Morisaka et al. 2005a,b, Oswald et al. 2003, 2007), are likely 
to be overlooking some of the complexity encoded in the whistles. The process of joining loops used here, did so 
without accounting for the period of silence between successive loop emissions (inter-loop interval, ILI). 
Variation in the ILI is apparent at the individual (Esch et al. 2009b) and population level (Chapter 4), indicating 
that this might be further used to signify emotional state, individual or population variation (Esch et al. 2009a, 
Esch et al. 2009b). Also, if measures of signature whistle duration include the period of silence (c.f. Caldwell et 
al. 1990), then durational differences highlighted in this study would be even greater in populations using 
disconnected multi-looped whistles.  
 
The prevalence of signature whistles in recordings of whistle vocalisations varies with behavioural context 
(Caldwell et al. 1990, Janik and Slater 1998, Watwood et al. 2004) group composition (Cook et al. 2004) and 
recording protocol (for example,  line surveys sampling several groups, each for a short period of time vs. focal 
follows) and can range from 39% to 52% in wild animals. (Cook et al. 2004, Watwood et al. 2005). As has been 
suggested in avian acoustics (Mundinger 1979), pooling data across contours is an acceptable way to obtain 
basic structural information on the frequencies used, particularly if a wide variety of individuals and contexts are 
sampled. Given that signature whistles make up such a high proportion of the vocal repertoire, it is likely that 
whole-repertoire analyses will reflect the trends apparent in the signature whistle frequencies. For instance, 
individual loops of DCMLs will have the same or similar measures for many frequency parameters (start, end, 
minimum, maximum and mean frequency) as the entire DCML identified though SIGID. However, applying a 
method such as SIGID to identify functional call types is a necessary pre-requisite for detailed descriptions of 
whistle structure and complexity, which cannot be done without first identifying the units of whistle production, 
including disconnected multi-looped signature whistle types. It was not possible to separate whistle contours into 
signature and definite non-signature whistles in this analysis, as bottlenose dolphins can produce signature 
whistles as single occurrences and the SIGID method does not necessarily identify all signature whistles 
apparent in each data set (Janik et al. in press). Further investigations attempting this would be worthwhile, to 
better quantify systematic differences between whistles used to convey identity information and non-signature 
whistles.  
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The co-efficient of modulation is widely applied as a reliable measure of frequency modulation (McCowan and 
Reiss 1995b, Morisaka et al. 2005a, May-Collado and Wartzok 2008) and was used here for wider comparison. 
It was highly correlated with inflection points, supporting its use. However, there are some important 
methodological issues concerned with using this measure to accurately quantify modulation in whistles. The 
coefficient is calculated by summing the average change in frequency over 20 frequency points. However, using 
this calculation, a contour which increases linearly between each of the 20 frequency points, would receive a co-
efficient of modulation score of 1.9.  Conversely a whistle increasing by steps has a coefficient of modulation of 
1 (see worked example, Appendix 13). Furthermore, a contour which decreases in frequency by the same 
amount that it increases, has the equivalent COFM of the straight contour, without accounting for the occurrence 
of an inflection point. Therefore, whilst the coefficient can measure degrees of modulation in highly modulated 
contours, this parameter does not accurately measure modulation in the manner most readers (and likely 
dolphins) perceive it to exist. As such, a more realistic and accurate measure of modulation is the number of 
inflection points, whilst the frequency gradient (change in frequency/duration) gives some indication of the 
overall steepness of contours. In many studies (e,g, Wang et al. 1995, Morisaka et al, 2005), whistle features 
such as inflection points, are visually assessed. However, standardised thresholds for parameters, such as those 
applied here, are more objective and should be used for any comparison of population level variation (c.f. 
Oswald, et al. 2003, 2007).  
 
For any analysis of whistle frequency parameters it is important that the bandwidth of the recording equipment 
exceeds the maximum fundamental frequency of the whistles encountered. Without this, several parameters, 
notably maximum frequency, end frequency (Oswald et al. 2004) and whistle duration may be miscalculated and 
the overall shape of the frequency contour might be misrepresented. A small percentage of the high quality 
contours from Doubtful Sound and Scotland East Coast were bandwidth limited and not included in the overall 
comparison. It is therefore possible that the frequency parameters of the SWTs from these regions are 
underestimated.  Indeed, full bandwidth recordings from Doubtful Sound report an maximum frequency of 41 
kHz (Boisseau 2005). Therefore, the differences between T. aduncus and T. truncatus could be even greater than 
reported here. The highest mean maximum frequency reported for T. truncatus signature whistles is 27.3 kHz 
(Esch et al. 2009b). In this analysis, the signature whistles for Doubtful Sound and Florida had the highest mean 
maximum frequency (16.6 and 16.3 kHz respectively). However, several signature whistles identified had 
maximum frequencies as high as 32 kHz. Overall, the maximum frequency recorded for any contour was 35 
kHz, from Scotland West Coast. The recording conditions, including the distance of the vocalising animal from 
the hydrophone and ambient noise are likely to influence whether the high frequency components of whistles are 
recorded. Given this, a recording sampling rate of 96000 Hz or above is strongly recommended and the highest 
quality recordings should be used in any investigation of geographic variation in the frequency characteristics of 
dolphin whistles.  
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6.4.2. Species variation in Tursiops spp. (signature) whistle types 
The consistent differences between the frequency characteristics of all T. truncatus and T. aduncus populations, 
demonstrates that mean frequency could be used as a diagnostic tool in acoustic classification between these 
species. The minimum (4.8-7.1 kHz) and maximum (13.8-16.6 kHz) frequencies for T. truncatus SWTs are 
similar to those identified in other populations of this species (Appendix 7). The mean minimum frequency  of 
signature whistles types in T. aduncus populations shows very little variation between populations (3.9-4.8 kHz), 
and is lower than previously reported from whole contour repertoires (Morisaka et al. 2005b).  The mean 
maximum frequencies (9.9-12.3 kHz) also tend to be lower than previously demonstrated (Morisaka et al. 
2005b). Interestingly, the frequency parameters of bottlenose dolphins (Tursiops spp.) from Shark Bay, 
Australia, are much lower than T. truncatus and more similar to the T. aduncus populations presented here 
(Wang et al. 1995, Hawkins, 2010). The classification of this population to truncatus or aduncus species based 
on genetic features remains inconclusive. If acoustic features are a reliable indicator of species identity in cryptic 
species (Jones 1997) then Shark Bay bottlenose dolphins could be considered T. aduncus under this criterion. 
However, genetic and morphological data are necessary to show this conclusively.  
 
The similarity in whistle parameters between congeneric species Stenella plagiodon (now frontalis) and S. 
longirostris (Steiner 1981) and Delphinus delphis and D. capensis  (Oswald et al. 2007) provides evidence for a 
taxonomic basis for similarity in call types. This is generally supported throughout cetacean taxa  (Steiner 1981, 
Wang et al. 1995a). The substantial inter-specific variation presented here, particularly in the mean frequency 
and duration of signature whistle types, provides some evidence to the contrary. However, it has been suggested 
that T. aduncus and T. truncatus might not be monotypic (LeDuc et al. 1999, Yang et al. 2005, Charlton et al. 
2006) and comparisons at the genus level might be misleading. A closer relationship between T. truncatus and a 
monophyletic group containing Stenella and Delphinus has been postulated  (Yang et al. 2005, although see 
LeDuc et al. 1999 and Charlton et al. 2006 for different phyolgenetic trees). The acoustic data support this. 
Whilst there is some evidence that Delphinus and Stenella produce higher frequency contours than T. truncatus 
(Oswald et al. 2003), the whistles of T. truncatus have a broad bandwidth and the frequency ranges greatly 
overlap (Oswald et al. 2003, Oswald et al. 2007, Baron et al. 2008). Compared to this, the lower frequency 
whistles of T. aduncus are particularly striking.  
 
Tursiops truncatus and T. aduncus share overlapping distributions and hybridisation is possible. However, 
reproductive isolation has been demonstrated for sympatric populations (Yang et al. 2005), suggesting that 
selective forces are preventing inter-specific copulations which are otherwise successful in captive facilities (e.g. 
uShaka Sea World, Durban, South Africa, see Best 2007 for discussion).  Simultaneous field recordings of T. 
aduncus and D. delphis from South Africa can be distinguished by people visually and aurally (pers. obs.).  
Whilst acoustic recordings of sympatric Tursiops species could not be obtained, a similar phenomenon would be 
expected and is likely to be salient in intra-specific recognition. The variation in acoustic features of call 
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frequency may be effective for discriminating between hetero-specifics and conspecifics, promoting intra-
specific communication and ensuring  successful mating with genetically compatible partners (Wilcznski and 
Ryan 1999). In this way the two species may be successfully utilising different acoustic niches, as has been 
suggested in other marine mammals with overlapping distributions (Mossbridge et al. 1999, Rendell et al. 1999),  
 
A discussion of the possible explanations for the species variation observed is presented elsewhere (Chapter 7). 
However, it should be noted that the lower frequencies observed in T. aduncus do not fit with expectations of 
body size (Matthews et al. 1999, May-Collado et al. 2007b) as they are the smaller of the two species and 
producing the lower frequency contours. Neither does it fit with predictions of social group structure (May-
Collado et al. 2007a).  For example, May-Collado et al. (2007a) found that minimum frequency is higher in 
species with large group sizes, and suggest that this may reflect the increased distances over which non-social 
species communicate. However, the population with the largest group sizes, Plettenberg Bay (T. aduncus) have 
the lowest frequency whistles. It has been suggested that coastal habitat types might favour lower frequency calls 
(Wang et al. 1995a). However, as all wild populations considered here have coastal ranges, this explanation does 
not hold. One possible explanation for the species distinction observed is differences in the sound production 
structures, such as variation associated with cranial characteristics at the source of sound production (monkey 
lips/dorsal bursae) (Cranford et al. 1996).     
 
6.4.3. Intra-specific macro and micro geographic variation in bottlenose dolphin signature whistle types 
The magnitude of intra-specific variation is lower than that seen between the species,  particularly if mean SWT 
values are used as the unit of comparison. However, geographic variation in call characteristics is still clearly 
apparent. Doubtful Sound and Florida are particularly distinct among T. truncatus. Florida because of the highly 
looped structure of the signature whistles and Doubtful Sound in that the start and minimum frequency is higher 
than all other T. truncatus populations and they produce longer contours (and loops, see Chapter 4) than most 
other populations. Zanzibar North stands out in T. aduncus as having SWTs with the highest frequency end point 
and the sharpest frequency gradient. Intra-specific geographic variation in T. aduncus frequency parameters does 
not follow the pattern of population level mtDNA genetic differentiation (Chapter 5). If this was the case, we 
would expect the SWTs to vary in comparisons between the South and East African populations (Plettenberg 
Bay, Zanzibar South and North) and the Asian (Mikura) and Australian (Jervis Bay) populations. However, the 
SWTs of Plettenberg Bay and Jervis Bay were similar in some key features (e.g. number of steps, difference 
between start and end point) and the frequency characteristics were indistinguishable. This would not be 
expected if genetic differentiation between these populations explained variation in SWT characteristics. Further 
investigation (Chapter 7) is necessary to determine if similar forces are acting on the whistles of Plettenberg Bay 
and Jervis Bay, to bring about similar features in SWTs.  
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Signals can be modified through vocal production learning, which may result in calls becoming similar or 
dissimilar to each other (Janik and Slater 2000). Acoustic convergence and call sharing is common in birds, 
which like dolphins can learn their vocalisations (Clement et al. 2000). There was some indication of similarity 
in whistle types and frequency parameters between neighbouring populations which are genetically distinct, i.e. 
North and South coastal Zanzibar, East and West costal Scotland (Chapter 5). However, these results must be 
viewed in the context of other intra-specific comparisons.  When key frequency parameters are examined we can 
see that intra-specific variation in key parameters is low overall (Appendix, 12). Within T. truncatus, Scotland 
West coast only differed in one acoustic parameter (number of inflection points) from Harderwijk and Florida, 
and Scotland East coast was also similar to Harderwijk. The PC1 and PC2 scores showed no difference between 
East and West Scotland, but intra-specific variation on these components was low for all pairwise comparisons 
(after Bonferroni correction, only 30% of intra-specific comparisons were significant on PC1-3 for T. truncatus 
and 33% for T. aduncus, compared to 49% for inter-specific comparisons). The results from Scotland suggest 
that these populations are acoustically separate, which is supported by the low exchange rate of individuals 
between these two populations (Thompson et al. 2011). The overall shape and complexity of signature whistles 
between these regions is also markedly different. Overall there is little evidence of either acoustic convergence 
or divergence greater than what is expected from any geographically distinct populations of the same species.   
 
Compared to Scotland, there is support for acoustic exchange and possible convergence on similar call form and 
features in the Zanzibar region. There was no discernable difference in any of the key parameters investigated; 
the measures of complexity (steps and jumps) were very similar (Figure 6.6) and whole correlation values were 
the highest of any intra-specific T. aduncus comparison. In addition, connected multi-looped contours are rare or 
absent in both populations (Chapter 4), in contrast to other T. aduncus populations. This pattern of signature 
whistle similarity is not explained by mitochondrial DNA relatedness. The genetic distance (FST and φST)  
between Zanzibar North and South is far greater than that of South Zanzibar and Plettenberg Bay. If genetic 
differentiation underlies acoustic similarity we would expect greater similarity between Plettenberg Bay and 
South Africa, than North and South Zanzibar, which is not the case. Preliminarily photo-identification data 
suggests that the exchange of individuals is North and South Zanzibar takes place more frequently than between 
the Scotland populations (Öhman 2010, Thompson et al. 2011). As signature whistle contours can be learnt, it 
seems likely that a shared acoustic habitat and socially mediated learning has resulted is similarity in call types 
between North and South Zanzibar (Janik and Slater 1997). However, the habitat characteristics of these regions 
are similar, characterised by seagrass beds, sandy bottoms, coral patches and coral reef, therefore independent 
acoustic adaptation to local habitat features cannot be discounted. These two possibilities are not mutually 
exclusive. Social learning of call characteristics which are well adapted for acoustic transmission in this shared 
habitat may well occur. Further work on whistle transmission in difference habitats would help to elucidate this 
possibility.   
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Assuming that repeatedly emitted, signature whistle types function for encoding individual identity, these results 
are consistent with the observation that individual distinctiveness is most clearly encoded in the duration, 
modulation (number of inflection points) and complexity of whistles types which had high co-efficients of 
variation within populations. In individuals which produce multi-looped whistles, these measures often correlate 
highly to number of loops. They may also vary contextually within an individual due to time warping of 
frequency contours and variation in the number of loops emitted  (Caldwell et al. 1990, Sayigh et al. 1990, Esch 
et al. 2009b). Frequency parameters and particularly mean and maximum are more similar within than between 
populations. Higher correlation values for overall contour correlation suggest convergence of individuals on a 
similar whistle form, as suggested by the comparatively high intra-population correlation coefficients in Florida 
and Zanzibar North. Notably, Florida is one population where male alliances are documented to converge on 
similar call types (Watwood et al. 2004), which may partially explain this result. In Zanzibar North, overlapping 
contours of the same type have been identified (Chapter 2), demonstrating that calls of similar structure and 
frequency can be produced by several individuals. In the future, examination of the social relationships and 
association patterns in Zanzibar North would be interesting and might help to determine whether convergence of 
similar call types is uniform across the population or more pronounced in certain social dynamics, such as male 
alliances (Connor et al. 2001, Cook et al. 2004, Watwood et al. 2005).  
 
For each species, the population with the greatest diversity in signature whistle types were Doubtful Sound and 
Plettenberg Bay. Plettenberg Bay represents an ‘open population’ with large group sizes (mean 129 ± SD 90.4).  
As a similar number of signature whistle type contours were analysed for all populations in this study, this 
strongly suggests that signature whistle diversity is greater in Plettenberg Bay and not a sample size effect. The 
high inter-individual encounter rate and possibility for con-specific jamming (Chapter 7) may enhance selective 
pressure on developing distinctive call types in this region. Furthermore, the steep signature whistle type 
discovery curve (Chapter 2) meant that far less acoustic analysis was necessary to identify the sample of SWTs 
used in this study. Therefore, further analysis is likely to yield a far greater number of highly distinct signature 
whistles types from this population.  
 
6.5. Summary 
This chapter has identified multi-dimensional variation in bottlenose dolphin signature whistle types.  Principal 
components analysis was successfully applied to reduce a large number of whistle characteristics into fewer 
dimensions and significant variation was apparent between these at both the species and population level.  The 
factors underlying this variation are complex and can be complicated by a combination of influences acting on 
different acoustic parameters. Such influences include those factors relating to genetic, morphological, 
ecological, habitat, social or cultural variation, as well as various evolutionary selective pressures. The following 
chapter will explore some of the potential causes of variation on different parameters of signature whistle types.
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__________________________________________________________________________________________
CHAPTER 7 
 
 
Exploring factors influencing geographic and species variation in bottlenose dolphin signature whistle 
types 
_______________________________________________________________________________________ 
 
Abstract 
 
The bottlenose dolphin (Tursiops spp.) is known for its morphological and behavioural plasticity and shows 
considerable genetic differentiation at both the species and population level. In fitting with this, muti-
dimensional inter- and intra-specific variation in bottlenose dolphin signature whistle types (SWTs) has been 
demonstrated (Chapter 6). However, the factors promoting this variation remain unclear. Here I investigate 
possible causes of variation in SWTs by correlating differences in genetic, geographic, morphological and 
population dynamics with variation in signature whistle types from nine populations of Tursiops spp.  
 
Principal component analysis (PCA) detected structure in the 11 putative explanatory variables and was used to 
determine which factors to retain in the subsequent analysis: these were genetic differentiation (φST), body 
length, geographic distance, water depth, population size and an index of conspecific jamming, the CSJ (this was 
calculated per population as the mean number of contours overlapping in the time domain). Partial Mantel tests 
revealed significant correlations between 9 of the 13 SWT characteristics with at least one of the explanatory 
variables. The patterns found did not fit with expectations of mtDNA genetic or geographic distance. Body 
length predicted most SWT characteristics related to absolute and adopted frequency as well as loop duration. 
However, absolute whistle duration was related to habitat depth. The frequency range and gradient are lower and 
number of inflection points higher in populations where a larger number of associates is likely. Correlation 
values for whole SWT contours could not be explained by any of the variables under consideration.  
 
The basic frequency structure of signature whistle types appears to be influenced by factors related to body size, 
which in turn may be related to variations in cranial characteristics and the mechanisms of sound production.  
Features which can be modified through vocal production learning such as the number of inflection points, were 
more strongly correlated to social parameters (population size and the likelihood of con-specific jamming). 
Interference from simultaneous whistles of conspecifics may influence signature whistle type form so that 
identity information is focused into a narrower frequency band. Production of longer duration SWTs in deeper 
habitats suggests adaptation to local environmental conditions and warrants further investigation. This is the first 
broad scale comparison examining possible explanations for population level variation in signature whistle types 
and environmental and social correlates. 
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7.1. Introduction 
The bottlenose dolphin (Tursiops species) is a cosmopolitan genus, displaying variation in a wide spectrum of 
morphological and behavioural characteristics. In previous years, variation in size, colouration and feeding 
ecology have led to the recognition of over 20 species (Hershkovitz, 1966, cited in Natoli et al. 2004).  However, 
through the application of molecular techniques, only two species, T. truncatus and T. aduncus (Chapter 5) are 
currently recognised.  Both species are generalist feeders and adapt their diet to a range of locally abundant 
resources (Ross 1977, Amir et al. 2005a). Specialisation in foraging strategies within (Torres and Read 2009) 
and between (Krutzen et al. 2005) populations suggests cultural influences on behaviour (Krutzen et al. 2005). 
Although identifying and measuring culture in non-human animals is the source of much debate (Janik 2001, 
Rendell and Whitehead 2001, Laland and Hoppitt 2003, Laland and Janik 2006), evidence of social learning 
(Herman, 2002), including vocal production learning of signature whistles (Miksis et al. 2002) supports the 
possibility that bottlenose dolphins exhibit culture.  
 
Evidence of geographic and species variation in bottlenose dolphin (Tursiops spp.) whistle vocalisations is 
abundant (e.g. Wang et al. 1995b, Morisaka et al. 2005b, May-Collado and Wartzok 2008, Hawkins 2010, 
Chapter 6).This may reflect culture, i.e. social learning of call elements or features, but it may be also be 
explained by adaptation to local environmental conditions (Morisaka et al. 2005a) and population dynamics 
(May-Collado et al. 2007a) . Furthermore, there is substantial genetic (e.g. Natoli et al. 2004, 2007) and 
morphological (Hale, 2000, Wang et al. 2000, Kurihara and Oda, 2009) differentiation at both the population and 
species level. Genetic factors can influence signal structure directly though encoding for different call types, or 
indirectly by causing differences in morphology that affect call production (Wiszniewski et al. 2009). Both 
processes may explain geographic variation in signature whistle characteristics. This chapter explores some of 
the possible explanations for multi-dimensional inter- and intra-specific variation in bottlenose dolphin signature 
whistles (see Chapter 4 and 6). 
 
7.1.1. Exploring causes of variation 
Mundinger (1979) describes the basic structure of vocalizations as those fundamental, underlying species–
typical features of a vocalization, uninfluenced by tradition (learning). Such characteristics may include aspects 
of the fundamental frequency, duration, tonal characteristics or pulsing of sound energy (Mundinger 1982b).  
Components of learned song may have a genetic basis in birds (for review see Slabbekoorn and Smith 2002a). 
The same may be true for bottlenose dolphins which show substantial population level genetic differentiation 
(reviewed in Chapter 5) and acoustic features may be honest signs of genetic diversity (Araya-Ajoy et al. 2009). 
 
The relationship between body length and call frequency transcends taxonomic divides (Badyaev and Leaf 1997, 
Matthews et al. 1999, Ding et al. 2001, Bertelli and I. 2002, May-Collado et al. 2007a). In general, larger 
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animals produce lower frequency calls. Several authors have suggested that body size may explain inter-specific 
differences in whistle frequency parameters (Wang et al. 1995a, Matthews et al. 1999). However the relationship 
is less strong when phylogenetic relationships are taken into account (May-Collado et al. 2007b) and recent 
evidence shows that killer whales, the largest delphinid, produce whistles with fundamental frequencies ranging 
up to 75 kHz (Samarra et al. 2010). Comparisons of Tursiops morphology from regions where the distributions 
of the two species (forms) overlap (SE Africa, Eastern Australia, E & S China Seas),  have found no overlap in 
body lengths between the two species and only small overlap in the skull lengths (Hale et al. 2000, Kurihara and 
Oda 2009). However, there is plasticity in both these measures which, at least for T. truncatus, is correlated with 
variation in sea surface temperate (Ross and Cockcroft 1990, Hale et al. 2000). In both species (forms) there is a 
positive relationship between body length and skull length, although the relationship is stronger in T. truncatus.  
Sexual dimorphism in body length occurs in some populations of T. truncatus, but not T. aduncus, although this 
is not clearly apparent in skull measurements (Tolly et al. 1995). Body and skull lengths of inshore T. truncatus 
from the Gulf of Mexico (c.f. Florida, this study) are comparable with several geographically distinct populations 
of T. aduncus (Hale et al. 2000).   
 
One might expect intra-specific variation to be constrained to occur within a species specific framework 
(Wilcznski and Ryan 1999). However, this need not be the case in a behaviourally plastic and cosmopolitan 
genus such as Tursiops spp., where the capacity for vocal production learning, might enable adaptation to local 
environmental conditions which transcends species boundaries.  This ‘habitat adaptation hypothesis;’ has been 
widely applied in the study of birds (Morton 1975, Date and Lemon 1993), which like dolphins demonstrate 
vocal production learning.  Here, divergent bird species living in the same habitat converge on calls with similar 
properties which transmit better within the habitat in which they are produced.  Degradation  is habitat dependent 
and has been described as the ‘sum of all the changes in the signal at distance X relative to the signal's structure 
at its origin or source’ (Morton 1986). It generally results in three structural changes in sound: reverberation, 
irregular amplitude fluctuations and frequency dependent attenuation (Naguib and Wiley 2001, Naguib 2003). 
Under this definition, a uniform decrease in the amplitude among all  components in not viewed as degradation 
(Morton 1986). For signature whistles to be effective as contact calls, features which promote reliable, long 
range, signal transmission and minimise degradation within a particular habitat may be selected for.  
 
Tests for acoustic adaptation have been carried out in many taxon and habitats, with varying support (Badyaev 
and Leaf 1997, Daniel and Blumstein 1998, Couldridge and van Staaden 2004, Boncoraglio and Saino 2007). 
There has been little dedicated research to test the acoustic adaptation hypothesis in dolphin vocalisations. 
However, habitat type can influence the structural properties of bottlenose dolphin signature whistles (Buckstaff 
2004) and both signal frequency characteristics and levels of whistle modulation vary with acoustic environment 
which may facilitate long range transmission (Morisaka et al. 2005a). Habitat variations including depth, 
substrate, seagrass cover and the occurrence of channels can influence whistle propagation (Quintana-Rizzo et 
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al. 2006) and may impact on signature whistle form. In general, the degree of transmission loss is dependent on 
whistle frequency, with lower frequency whistles travelling greater distance. In frequency modulated whistles, 
the lower frequency components will travel further than higher frequency elements (Janik 2000a). However, in 
seagrass habitats low frequency whistles attenuate more and thus propagate over shorter distances compared to 
the same whistles used in a sandy mud habitat (Quintana-Rizzo et al. 2006). In acoustically noisy habitats 
alternative mechanisms for enhancing the detectability of sounds include; increasing the call rate, increasing 
signal intensity, increasing signal duration and shifting frequency outside the noise band (Tyack 2008). 
 
Our understanding of the influence of depth on whistle production is limited to a handful of studies, and the 
outcomes are inconsistent.  For Beluga whales, (Delphinapterus leucas), there is evidence that whistle amplitude 
decreases with depth whilst the frequency of the highest intensity peak increases with depth (Ridgway et al. 
2001). Reduction in amplitude may reflect the increasing density of air in the nasal region where sound is 
generated (Ridgway et al. 2001). However, more recent work using digital archive tags (DTAGS), (Acevedo-
Gutierrez 2002) suggests that behavioural and not biophysical explanations may underlie the change in Beluga 
whale call frequency identified by Ridgway et al. (2001). In short-finned pilot whales (Globicephala 
macrorhynchus) the frequency of social sounds produced at depth vary little from those produced near the 
surface. However, the acoustic energy output of calls was an order of magnitude less than that produced at the 
surface and the duration of calls was shorter (Acevedo-Gutierrez 2002). Both these studies are based on species 
with ecological and cranial characteristics different to those of bottlenose dolphins. The only study which has 
investigated the characteristics of signature whistles produced at varying depths found no consistent effect on 
maximum frequency, duration or whistle rate. However, minimum frequency of signature whistles was 
significantly lower in deeper water habitats, expanding the bandwidth of whistles (Buckstaff 2004).   
 
There is strong evidence that signature whistle development involves learning (Caldwell and Caldwell 1979, 
Miksis et al. 2002, Fripp et al. 2005) although transmission might not be vertical (mother-offspring) but 
horizontal (through associates) (Sayigh et al. 1995, Fripp et al. 2005).  Therefore, vocal production learning of 
signature whistle form or features can be viewed as cultural transmission (Slater 1986), potentially creating 
greater similarity within populations than between (Fripp et al. 2005).  Changes in these features over time 
(cultural drift), whilst other variables remain unchanged is further evidence for learned transmission in call type 
(Deecke et al. 2000, Noad et al. 2000) and may enhance differences between populations. Directional changes, 
such as call convergence (Tyack 2008) between alliance members can reduce diversity in whistle types (Smolker 
and Pepper 1999, Watwood et al. 2004).   
 
Broad scale studies of the evolution of whistle complexity have shown more complex whistle structure to 
correlate positively with social structure (May-Collado et al. 2007a) . Bottlenose dolphins live in fission-fusion 
societies and both the number of associates (group) and conspecifics sharing the same acoustic environment 
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(population) may enhance selection for more diverse and complex whistle types. Furthermore, stereotypy might 
be expected to increase in larger populations, if recognition depends on reliable transmission of subtle 
differences in one or two acoustic features. Inter-individual encounter rates pose a challenge to identity encoding 
and individual recognition, as well as to signature whistle transmission. Whistling rates vary with behavioural 
context and between geographic regions (Jones and Sayigh 2002, Cook et al. 2004, Quick and Janik 2008).  The 
relationship between whistle rates and group size is not necessarily linear and individual whistling rates may 
decrease in large group sizes to avoid masking by conspecifics (Quick and Janik 2008).   
 
7.1.2. Objectives 
The suite of potential influences on the characteristics of signature whistle types is clearly broad, diverse and 
potentially inter-linked. Unravelling these relationships is complicated by the difficulty in getting equivalent, 
biologically meaningful data for a wide range of populations. Here I examine the relationship between potential 
causes of variation on multiple aspects of bottlenose dolphin signature whistle types, to investigate the 
underlying causes of population and species variation in these calls. In particular, the objectives of this chapter 
are to:  
 
1) Determine explanatory variables which may influence variation in SWTs and report on those where 
equivalent data are available for all populations (supplied in Appendix 14).  
 
2) Use principal components analysis (PCA) as a data reduction technique to reduce the number of putative 
explanatory variables to those which are uncorrelated and explain the most variation in key characteristics of 
signature whistle types.  
 
3) Highlight the explanatory variables which are likely to promote variation in signature whistle types using 
partial Mantel test correlations.   
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7.2. Methods 
Eleven explanatory variables were investigated for their potential influence on signature whistle characteristics 
(Appendix 14). These factors can be broadly divided into those relating to species (inter- intra-specific, genetic 
distance, body size), social dynamics (population size, average group size, con-specific jamming, geographic 
distance, residency), and habitat characteristics (depth, latitude).   
 
7.2.1. Morphological and genetic distance 
I use the highly variable mitochondrial control D loop region as a genetic assay.  Estimates of genetic 
differentiation between populations (FST and φST) and geographic distance were calculated as described in 
Chapter 5. The distance measures based on Mikura (Japan) haplotypes were used in preference to the Asian 
region in all comparisons . In most cases, estimates of body length were taken from published literature sources 
(Appendix 14a). For Scotland, there are no published data regarding body length or age at maturity. However, 
archived stranding data from January 1992 - December 2009 were made available through the Inverness 
Veterinary Laboratory (B. Reid, pers. comm.).  These data were divided by stranding location into West and East 
Coasts of Scotland. A proxy of ≥ 270 cm was used as a guide to length at maturity,  based on the lower limit of 
length range from  T. truncatus from other populations (E & N Australia, S.E. Africa and E.S China Sea,  Hale et 
al. 2000). This was fitting with the distribution curve of pooled stranding length data from Scotland, which 
showed an approximately bimodal distribution, the first peak between 120-160 cm (c.f. calves/ juveniles) the 
second peak between 250-350 cm.  
 
7.2.2. Population dynamics and social structure 
A coefficient of conspecific jamming (CSJ) was calculated per population, using indexed contour data from 
acoustic analysis of each recording (Chapter 2, methods).  For each contour, the number of consecutive contours 
in the time domain was counted and averaged over the total number of contours indexed for each population. 
This provides an index for each population of the likelihood that a contour will be overlapped by another. In 
cases where the number of overlapping contours was too great to be reliably resolved, a minimum count of 3 was 
used.   
 
Estimates of demographic parameters; population sizes, average groups sizes and accounts of long term 
movement (residency vs. migratory) were taken from published literature. Tables containing the raw data and 
sources are shown in Appendix 14. Very little is known about the population dynamics of bottlenose dolphins 
from North coastal Zanzibar. Most of the published data are from stranded or bycaught animals (Amir et al. 
2005a, Särnblad et al. 2011).  The first attempt to collect dedicated photo-identification data was made as part of 
this study, collected concurrently with acoustic data. Whilst these data are currently being processed, no 
population estimate is available and confirmed accounts of residency are lacking. However, the year round 
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occurrence of T. aduncus in the region as by-catch  (Särnblad et al. 2011) suggests that the dolphins in Northern 
Zanzibar are resident, and this is supported by the high frequency of re-sightings during  acoustic recordings in 
2008 (Pers. Obs. and photo-identification data collected during this study).   Preliminary analysis of photo-
identification of clearly marked animals has identified a minimum count of 52  individuals (Öhman, Gridley and 
Berggren unpublished data) which is included in this analysis as a minimum population estimate.  
 
Distances between each research area were calculated as described in Chapter 5, using the ruler function in 
Google Earth (http://earth.google.com).  I included the absolute latitude in degrees from the equator as a proxy 
for sea surface temperature. Published reports on the habitat depth, and depth preferences for each population 
were collated and used to create an index of depth 1) Shallow, mostly  < 20 meters,  2) Intermediate, mostly 
between 5-100 meters, 3) Deep, mostly >100 meters.   
 
7.2.3. Signature whistle type characteristics 
Signature whistle types were identified in recordings from 9 populations of free ranging bottlenose dolphins 
using the 91SS method, as previously described in Chapter 2. Supplementary known signature whistles (KSW) 
were combined with the SWT identified using the 91SS method for Harderwijk and  Sarasota Bay, to enable a 
comparative sample size across populations. A full description of the methods for determining whistle variables 
is presented in Chapter 6. Briefly, twenty five whistle parameters were automatically measured from the 
extracted contour of signature whistles and subjected to principal components analysis (PCA) to determine the 
key parameters for describing variability. The adopted frequency (distribution of the total contour duration in 1 
kHz frequency bins) was calculated for each whistle. Pairwise correlation of signature whistles standardised in 
duration was conducted by interpolating contours to a matched length and applying a Pearson’s correlation 
between contours. Mean parameter values were calculated per population by averaging over the signature 
whistles (each represented 5 times). Several replications of each signature whistle type were deemed necessary 
to represent the slight variations in characteristics of each emission. As the number of replicates (n=5) included 
was equivalent for each  SWT (apart from one KSW from Harderwijk where n=4), the mean parameter value for 
each population is equivalent to calculating a mean value for each experimental unit (SWT), (Hilbert 1979) and 
then averaging over these values in each population. Consequently,  pseudo-replication was not considered a 
problem for this analysis. Average loop duration was determined per signature whistle as described in Chapter 3. 
As there is multi-dimensional variation in signature whistle types (Chapter 6), several response variables were 
investigated for each explanatory variable. There were; minimum frequency, maximum frequency, mean 
frequency, frequency range, frequency gradient, whistle duration, loop duration, inflection points, adopted 
frequency in the 5, 10, 15, 20 kHz frequency bands and the whole whistle correlation.   
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7.2.4. Principal component analysis and partial Mantel tests 
Distance matrices between each population were calculated for explanatory and response variables. In most 
cases the Euclidean distance was used and for genetic variables it was the FST and φST measures of genetic 
differentiation. Distance matrices were standardised to a mean of zero and a standard deviation of one ((matrix 
mean data-matrix data)/matrix standard deviation). As several of the explanatory variables are likely to be 
correlated, they were subjected to a principal component analysis (PCA).  This was used primarily as a variable 
reduction method.  Both PCA and partial Mantel tests (see below) (Mantel, 1967, Smouse et al. 1986), were used 
to assess the relationships between correlated explanatory variables and aid decisions on which variables should 
be included in further analysis.  
 
Partial Mantel tests (Mantel, 1967, Smouse et al. 1986), were used to assess the influence of different factors on 
the acoustic outputs. This operates in a similar way to linear regression, assessing the correlation between one 
variable and the response, whilst holding the others constant. Partial Mantel tests can be used with dissimilarity 
matrices and can be applied to a variety of data types. The significance of the Beta value was computed by 
comparing the output with a distribution generated though multiple permutations of the data (n = 10,000 
permutations). 
 
7.3. Results 
7.3.1. Body length 
Stranded data from 58 animals were used to generate mean body lengths for Scottish bottlenose dolphins. Of 
these, 18 were from the West coast (n=4 males, 6 females and 8 unknown sex) and 38 from the East coast of 
Scotland (n= 19 males, 14 females and 5 unknown sex).  Average body lengths from Scotland West coast were 
slightly greater than Scotland East coast (mean 310 cm ±SD 25.2 cm, n = 13, 304 cm ±SD 24.8 cm, n= 17 
respectively). Reducing the age at maturation criteria to body length ≥ 250 cm would have reduced the average 
body length in Scotland East coast by 6.2 cm, whilst the West coast of Scotland values would have remained the 
same. Such a marginal change would not have impacted the population ranks for body size, supporting use of 
either the 250 cm or 270cm body size criteria. There is some evidence of sexual dimorphism in body sizes 
greater than 250 cm in the combined Scotland data, the average in males being 302 cm (±SD 23.75, n=17) 
compared to females of 295cm ( ±SD 31.71, n=9),  although there is considerable overlap in these values.  
 
7.3.2. Index of conspecific jamming 
Contours from Plettenberg Bay dolphins were most likely to be overlapped with at least one other contour co-
occurring in the time domain (CSJ = 0.72 ±SD0.99). Rates of simultaneous contour production were lowest in 
Florida and the West coast of Scotland (CSJ = 0.14 ± SD0.44, 0.14 ±SD 0.41 respectively). In 121 of 13673 
contours, the number of overlapping contours could not be resolved, the vast majority of these cases were from 
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Plettenberg Bay (n = 95). The magnitude of acoustic overlap in Plettenberg Bay is likely to have been 
underestimated, as substantial vocal production prevented some recordings from being included in the analysis.  
 
7.3.3. Principal component analysis on explanatory variables 
The first 3 principal components explained 71% of the variance and 90% was explained by the first 5 (Table 
7.1). The loadings of the first principal component represented the differences in population dynamics and 
movement patterns and was largely influenced the differences between Plettenberg Bay and all other 
populations.  The strongest loading on principal component two was related to species, genetic distance (FST and 
φST) and body size.  On component 3, FST, body length and latitude achieved high scores. As the PCA output on 
component one was largely determined by the unique demographic characteristics of Plettenberg Bay (the only 
migratory population), a further analysis was conducted without this population, and the PCA was re-conducted 
using only 10 variables as residency pattern was removed from consideration. 
 
The variation in explanatory variables was less clearly partitioned when Plettenberg is removed (Table 7.2).  
However, the first 3 components still explained 65 % of the variation. Components related to species, latitude 
and distance loaded highly on component one. Group size and conspecific jamming correlated highly with PC2. 
FST and body length were more strongly loaded on component 3.   
 
Overall, the PCA and subsequent analysis supported removing movement pattern (resident/ migratory) from the 
analysis, as it was highly correlated with the large population and group sizes of Plettenberg Bay. When 
Plettenberg Bay was considered, both population size and group size loaded strongly onto component 1. 
However this effect was reduced when analysis was carried out in the absence of Plettenberg (see PC2, Table 
7.2), supporting the decision to retain population size in the analysis. Group size was removed from further 
analysis as it correlated with population size and con-specific jamming, the latter of which was deemed a more 
direct measure of con-specific influences on vocal production than group size.  Both FST and φST  are measures 
of genetic differentiation and are positively correlated (Chapter 5). As only one is required, φST was retained in 
favour of FST as it measures allele diversity and genetic distance, and is therefore most likely to represent slight 
changes in genetic distance. Body length and species loaded highly together on both PC2 (analysis including 
Plettenberg Bay) and PC1, (analysis without Plettenberg Bay) as did latitude and species. Partial Mantel tests 
were used to test the relationship, with body length as the response variable and latitude and species (on a binary 
scale: 1 for intra- specific distance between populations and 2 for inter- specific distance) as the explanatory 
variables. There was a significant relationship between body length and species (Beta 1 = 0.66, P (Beta)  < 
0.001) and body length and latitude (Beta = 0.34,  P (Beta) < 0.01). However at the population level, Florida 
bottlenose dolphins (T. truncatus) had more similar body size to populations of T. aduncus, which may have 
important implications for sound production. Therefore body length was retained in the model as it better 
describes variations within and between species compared to a bimodal same species/different species 
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parameter. Latitude was also removed, due to it being significantly correlated with body size. Geographic 
distance was retained, allowing for comparison of micro-geographic variation. Whilst the importance of typical 
habitat depth did not load highly in either PCA comparison, neither was it highly correlated with other variables, 
supporting its inclusion. 
 
Table 7.1. Principal components analysis (PCA) on 11 explanatory factors of variation in 
bottlenose dolphin signature whistles types from 9 populations. The cumulative proportions of 
the first 5 components explain 90% of the variation.  High loadings (> absolute 0.30) are 
highlighted in bold for each component (PC).  
 PC1 PC2 PC3 PC4 PC5 
Cumulative proportion 0.366 0.589 0.719 0.827 0.900 
Eigenvalues 4.031 2.443 1.434 1.194 0.798 
Species (Tt, Ta, Tt:Ta) 0.118 -0.479 0.310 0.227 0.091 
FST 0.090 -0.343 -0.572 -0.141 -0.290 
φST 0.158 -0.425 -0.380 -0.005 -0.272 
Body length 0.192 -0.428 0.427 0.118 -0.251 
Absolute latitude 0.200 -0.237 0.410 -0.465 0.042 
Geographic distance 0.180 -0.286 -0.269 0.312 0.688 
Typical depth 0.104 0.165 0.081 0.748 -0.397 
Typical movement -0.474 -0.164 0.022 -0.011 -0.123 
Population size -0.474 -0.164 0.021 -0.011 -0.125 
Group size -0.469 -0.192 0.017 0.010 -0.061 
Con-specific jamming -0.404 -0.182 0.051 0.205 0.323 
 
Table 7.2. Principal components analysis (PCA) on 10 explanatory factors of variation 
bottlenose dolphin signature whistles types from 8 populations (i.e. Plettenberg Bay removed 
from analysis presented in Table 7.1). The cumulative proportions of the first 5 components 
explain 83% of the variation.  High loadings (> absolute 0.30) are highlighted in bold for each 
component (PC).  
 PC1 PC2 PC3 PC4 PC5 
Cumulative proportion 0.294 0.495 0.648 0.747 0.827 
Eigenvalues 2.944 2.006 1.530 0.989 0.805 
Species (Tt, Ta, Tt:Ta) 0.441 -0.001 0.323 -0.245 0.280 
FST 0.247 -0.191 -0.521 0.363 0.364 
φST 0.385 -0.266 -0.176 0.366 -0.220 
Body length 0.384 -0.221 0.467 -0.058 0.260 
Absolute latitude 0.323 -0.382 0.185 -0.111 -0.462 
Geographic distance 0.404 0.393 -0.177 0.069 0.004 
Typical depth -0.163 0.198 0.463 0.526 0.387 
Population size -0.166 -0.295 -0.198 -0.541 0.409 
Group size 0.343 0.391 -0.227 -0.234 0.229 
Con-specific jamming 0.096 0.513 0.071 -0.172 -0.301 
 
In summary, the outcome of PCA and auxiliary (partial) Mantel analyses have shown that several features could 
be removed from further analysis, including species and ranging pattern. The influence of the following factors 
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on signature whistles was therefore determined: genetic distance (ф st), body length, geographic distance, depth, 
population size, and conspecific jamming.  
 
7.3.4. Partial Mantel Tests  
Partial Mantel tests revealed significant correlations between 9 of the 13 whistle characteristics and at least one 
of the explanatory variables (Table 7.3, Figure 7.1). Correlations of absolute frequency parameters (minimum, 
maximum, mean, and adopted frequency (15 kHz, 20 kHz) were strongly related to body length (c.f. species in 
most cases). Florida was unique, in having a key explanatory variable (body size) not in keeping with the species 
distinction and for at least two acoustic parameters, loop duration and adopted frequency at 20kHz, it showed 
greater similarity with the T. aduncus populations, whilst the remaining three T. truncatus populations clustered 
together. Total whistle duration was the only parameter which showed a relationship to habitat depth, longer 
whistles being produced in deeper habitats such as Doubtful Sound. There were no consistent relationships 
between the adopted frequency at 5 and 10 kHz and any of the explanatory variables considered. Frequency 
range, gradient and inflection points were related to the index of conspecific jamming (c.f. group size). Although 
there was a trend for an increased number of inflection points with population size and con-specific jamming, 
Florida stood out with low values for both these demographic parameters, yet having highly modulated signature 
whistle types.  
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Table 7.3. Partial Mantel test results, giving the partial regression co-efficient (Beta) and its probability for 
each predictor variable. Significant values are indicated in bold.   
  Explanatory Variable 
Response Variable  
φST 
Body 
length 
Geographic 
distance Depth Popn size 
Con-
specific 
jamming 
Beta -0.05 0.82 0.06 0.20 0.13 0.00 Minimum Frequency 
P (Beta) 0.83 <0.001 0.74 0.27 0.75 0.99 
Beta 0.10 0.46 -0.15 0.13 -0.16 0.71 Maximum Frequency 
P (Beta) 0.64 0.04 0.47 0.45 0.70 0.04 
Beta 0.00 0.70 0.09 0.09 0.23 0.06 Mean Frequency 
P (Beta) 0.99 <0.001 0.69 0.63 0.51 0.86 
Beta 0.12 0.04 -0.19 0.13 -0.42 1.03 Frequency Range 
P (Beta) 0.59 0.86 0.36 0.45 0.29 <0.01 
Beta 0.21 -0.10 -0.4 -0.04 -0.47 0.70 Frequency gradient 
P (Beta) 0.32 0.59 0.06 0.85 0.14 0.02 
Beta -0.15 0.15 -0.07 0.41 -0.10 -0.03 Duration 
P (Beta) 0.49 0.53 0.74 0.03 0.80 0.93 
Beta -0.08 0.61 -0.07 0.23 0.11 -0.24 Loop duration 
P (Beta) 0.71 <0.01 0.74 0.20 0.78 0.50 
Beta -0.13 -0.08 -0.03 0.12 -0.81 0.77 Inflection point 
P (Beta) 0.57 0.77 0.89 0.51 0.05 0.04 
Beta -0.20 0.13 -0.13 -0.04 -0.05 -0.26 Adopted  
Frequency 5 kHz P (Beta) 0.33 0.56 0.55 0.83 0.88 0.42 
Beta -0.20 -0.07 0.28 0.05 0.30 -0.29 Adopted  
Frequency 10 kHz P (Beta) 0.30 0.66 0.20 0.80 0.28 0.30 
Beta -0.02 0.77 0.04 0.12 -0.13 0.28 Adopted  
Frequency 15 kHz P (Beta) 0.92 <0.001 0.87 0.51 0.78 0.49 
Beta 0.10 0.96 -0.12 0.01 -0.07 0.10 Adopted  
Frequency 20 kHz P (Beta) 0.64 <0.001 0.56 0.95 0.88 0.78 
Beta -0.22 0.03 -0.04 -0.20 -0.32 -0.07 Whistle contour 
P (Beta) 0.30 0.89 0.86 0.27 0.39 0.83 
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Figure 7.1. Scatter diagrams of each explanatory variable (horizontal axis) against each signature whistle 
parameter it is significantly correlated with according to partial Mantel tests. Each variable is a mean calculated 
for the population.  Tursiops truncatus populations: Florida (FL),  Scotland West Coast (SW), Scotland East 
Coast (SE) and Doubtful Sound (DS). Tursiops aduncus populations include: Plettenberg Bay (PB), Zanzibar 
South (ZS), Zanzibar North (ZN), Mikura (MK) and Jervis Bay (JB). 
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7.4. Discussion 
Bottlenose dolphin  signature whistles are generally viewed as learnt signals, developed through social 
interaction and designed to enhance individual distinctiveness (Janik et al. 2006). In Chapter 6, I demonstrated 
species and population variation in a range of signature whistle features, with patterns differing depending on the 
acoustic feature under consideration. The most striking outcome of the analysis presented here is that features 
relating to body size (c.f. species in most cases) influence frequency parameters. Factors relating to social and 
population dynamics are more highly correlated with features of signature whistles which can be modified 
through learning, such as loop duration, frequency gradient and the number of inflection points. In addition, the 
relationship between whistle frequency and body length is the reverse of that expected from previous 
comparisons in cetaceans (Matthews et al. 1999, May-Collado et al. 2007a), in that the physically larger species 
(T. truncatus) have higher frequency whistles than the smaller T. aduncus. The similarity between Florida T. 
truncatus and other T. aduncus population in both body length and frequency parameters provides support for 
the argument that the differences in frequency measures are better accounted for by morphological differences 
than genetic variation. Genetic distance (measured in фst) did not correlate with any of the whistle parameters, 
whereas body length correlated with many. There was no indication that the markedly low genetic diversity of 
Scotland East coast influences the whistle characteristics of this population above what would be expected for 
any of the other population level comparisons. 
 
There is general homology in the sound generation mechanisms of odontocetes. However, there is species level 
diversity in the shape, size and position of forehead elements (Cranford et al. 1996). It is possible that slight 
variations in these characteristics affect the acoustic capabilities of species which externally appear quite similar, 
such as T. truncatus and T. aduncus. Cranial characteristics from specimens gathered where their ranges overlap, 
in the Indian and Western Pacific Oceans, can be summarised as follows (Kurihara & Oda, 2007): skull length 
(condylobasal length) is significantly smaller in T. aduncus than truncatus, and the majority (25/27) of other 
skull features are correlated to this. There are notable differences in the length and width of the rostrum, T. 
aduncus have a longer rostrum that tapers abruptly at one fifth to one quarter of the way from the base of the 
rostrum, whereas the rostrum in T. truncatus is shorter and tapers gradually.  The longer rostrum in T. aduncus, 
means that that the relative position of the premaxillary cavity is more posterior in this species and the 
premaxilla is pinched at the basal part of the rostrum in T. aduncus, but not T. truncatus.  
 
The consistent inter-specific differences in the basal part of the rostrum might have important implications for 
sound production and communication (Kurihara and Oda 2007),  perhaps providing an explanation for some of 
the differences observed in the frequency parameters of Tursiops species. Cranial differences have also been 
suggested as the cause of consistent variation in the echolocation clicks of populations of Pacific-white sided 
dolphins (Soldevilla et al. 2008). However, empirical testing of these theories is lacking. Unlike the genetic 
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evidence (Natoli et al. 2004, Perrin et al. 2007), the cranial data do not clearly identify T. aduncus from South 
Africa as being a separate species (Kurihara and Oda 2007) from other T. aduncus populations. However, small 
but significant intra-specific variation in the body and skull lengths within T. aduncus have been found between 
Australian, Asian and South African specimens (Hale et al. 2000). This finding is also in keeping with the results 
presented here, as Plettenberg bay (South Africa) does not appear more similar to Zanzibar South or North than 
to either of the other T. aduncus populations, Jervis Bay and Mikura, from which is it genetically quite 
differentiated. 
 
Previous broad scale comparisons have indicated that dolphin social structure, group size and number of 
inflection points to be linked (May-Collado et al. 2007a).  This was supported by the results presented here as 
inflection points were correlated to the index of con-specific jamming (c,f. group size) and population size. This 
might be predicted in a ‘signature whistle’ frame work, as a greater number of inflection points or loops can 
enhance identity coding. The unique demographic characteristics of Plettenberg Bay make it stand out from all 
other populations. Average group sizes in this population are greater than the entire population sizes of some of 
the other regions considered here. This poses both a recognition problem and transmission problem. Although 
individuals may limit their vocal output when the chance of masking is high (Quick and Janik 2008, Tyack 
2008) the volume of individuals vocalising at any one time, and the  long range transmission properties of 
whistles (Janik 2000a) means that the chances of concurrent contours remains high. This is demonstrated by the 
high index of con-specific jamming calculated for this population, where there is a good chance that each 
contour will be overlapped by at least one other (CSJ=0.71, ±SD 0.99).  
 
Janik (2000a) hypothesises that high degrees of con-specific noise may have contributed to the evolution of very 
distinctive signature whistles in bottlenose dolphins as a mechanism to enhance recognition. This is supported by 
significantly higher level of variability identified in Plettenberg Bay (Chapter 6) for whole contour comparisons 
and the low population-wise contour correlation value of 5.65 (± SD 44.77, Table 6.6). Also, the number of steps 
and jumps, further measures of signature whistle complexity, is greater in Plettenberg Bay compared to 3 of the 
remaining 4 T. aduncus populations (Chapter 6  Figure 6.7). Although not entirely preventing frequency overlap, 
a narrower frequency range of whistles will lessen the likelihood that simultaneous contours will cause masking.  
Lower frequency calls might enhance long range communication which is likely to be more important in wide 
ranging, migratory groups such as this.  Therefore the features of signature whistle types from Plettenberg Bay 
suggest that social pressures may have resulted in more distinct signature whistles, which are adapted for long 
range communication and to reduce con-specific jamming.  
 
Propagation of whistles can vary dramatically according to quite subtle changes in habitat features (Quintana-
Rizzo et al. 2006). If apparent, adaptation of signals for propagation in a particular environment might be 
expected by channelling the sound in particular frequency bands, i.e. in the adopted frequency measures. 
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However, none of the factors investigated were significantly correlated to the adopted frequency in the 5 of 10 
kHz frequency band. Significant relations in the higher bands (15 and 20 kHz) reflected the aforementioned 
relationship with body size. However, body size and latitude are correlated and possible effects of habitat could 
be masked by this relationship. For example, latitude relates to sea surface temperature and salinity, which in 
turn influences the density of water and may impact signal propagation (Lilly and Miller 1961). Water 
temperature is also linked to the occurrence of fauna and flora which make up the acoustic environment, for 
example sea grass beds reduce signal transmission (Quintana-Rizzo et al. 2006) and snapping shrimp which 
represent a significant source of biological noise (Urick 1983). Further investigation is necessary to demonstrate 
whether and how signature whistles are influenced by environmental features.  
 
The active space of a whistle can depend on the depth of the environment (Janik et al. 2000, Quintana-Rizzo et 
al. 2006). The only previous study to investigate the influence of depth on signature whistle structure found no 
relationship between the two. However, this study was conducted in very shallow waters (Sarasota Bay, Florida), 
where the range of depths typically encountered is small (<1-10 meters) and only represents the shallowest 
(rating 1) of the depth categories investigated in this study. A correlation between signature whistle duration and 
depth was identified in this study. The resident population of bottlenose dolphins inhabiting Doubtful Sound had 
the longest contour duration (continuous contour, loop duration and absolute whistle duration, Chapter 4 & 6) of 
any of the populations investigated. Caldwell et al. (1990) noted that signature whistle duration was often a 
function of the number of loops the whistle contained, so this outcome is particularly striking given that 
individuals from this population are rarely using either disconnected or connected multi-looped contours 
(Chapter 4). One possible explanation lies in the habitat characteristics of their acoustic environment. Doubtful 
Sound is a fjord and is not only deep, but steep sided and characterised by hard rock substrate. The acoustic 
properties of this environment can enhance reverberation and increase the possibility of forward masking, which 
was clear throughout the acoustic recordings. Consequently, use of multi-looped whistles with closely timed 
repeated elements might be avoided to reduce the detrimental effect that reverberation has to identity encoding 
(Naguib 2003). The higher components of whistles are more directional (Lammers and Au 2003), and Doubtful 
Sound animals produce the highest frequency whistles of any of the study populations. Therefore, an alternative 
explanation to the correlation of body size and frequency is that dolphins in Doubtful Sound are using higher 
frequency contours to increase directionality and reduce the effects of distortion.   
 
This study generated new data on the parameters of several bottlenose dolphin populations. The newly calculated 
body lengths for Scotland West coast were similar to body lengths reported for Doubtful Sound and other T. 
truncatus populations. The data from Scottish bottlenose dolphins provided some evidence for sexual 
dimorphism, as has previously been reported for this species (Hale et al. 2000) . The average groups size during 
recordings in Plettenberg Bay (129 ± SD 90.4) was close to that reported by Saayman and Taylor (1973) of 140 
animals. Likewise, the average group sizes in Zanzibar South (14.7, ±SD 13.2) and North (20.6, ± SD 13.1) are 
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within the range previously reported for the region (Stensland et al. 2006).  The minimum population estimate 
for Zanzibar North is undoubtedly an underestimate and future analysis of this dataset will provide important 
information for management and conservation of this little studied population. 
 
As with any large scale comparison, data limitations constrain the depth and width of the study. There are 
several additional variables which are likely to influence signature whistle variability, but which could not be 
incorporated into this study because the equivalent information was not available for all research areas. These 
notable exclusions include water visibility (Sayigh et al. 2007), ambient noise or manmade noise (Lesage et al. 
1999, Foote et al. 2004, Morisaka et al. 2005a), inter-specific interactions (Mossbridge et al. 1999) including 
predation pressure (Deecke et al. 2005, Morisaka and Connor 2007), and behavioural context (Janik and Slater 
1998, Cook et al. 2004). However, as these recordings were collected over a range of behavioural contexts this is 
not likely to introduce a systematic bias into the dataset. The choice of genetic marker is important when 
investigating the influence of genetics as opposed to culture on behavioural traits (Bacher et al. 2010). In this 
study, the choice of genetic assay (mtDNA) was restricted to that data currently available for the dolphin 
populations under investigation (Chapter 5). It is consistent with the choice of genetic marker used in 
comparative studies investigating the influence of genetics on vocalisations (Wright and Wilkinson 2001, Prohl 
et al. 2006). However, genetic distance (measured as φST) was not correlated with any of the acoustic features 
considered, a result which could reflect the use of mtDNA. Further studies using a broader range of genetic 
markers would help to elucidate this possibility. 
 
7.5. Summary 
This chapter has explored some of the possible causes for multi-dimensional variation in bottlenose dolphin 
signature whistles. It has provided possible explanations for the variation identified. However, the factors 
underlying variation are likely to be diverse and future studies, which explicitly test hypothesis would be very 
beneficial.  Knowledge of sound production in Odontocetes is still lacking, and further tests of this would help to 
better understand the factors influencing whistle features.  
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_______________________________________________________________________________________
CHAPTER 8 
  
 
Summary and future research  
_______________________________________________________________________________________ 
 
8.1. General summary 
This thesis uses a novel technique to identify likely signature whistles (signature whistle types) in recordings 
of freely interacting bottlenose dolphins. In doing so, it substantially increases our understanding of the 
whistle types used by geographically wide ranging populations. The occurrence of repeatedly emitted 
signature whistle types in all populations studied indicates that dolphins in these populations are encoding 
identity information in the frequency contour of whistles, c.f. signature whistle use in Florida. Given the 
known populations sizes in each of the regions studied, around 9% (range 0.04-19%) of the signature 
whistles have potentially been documented in this thesis. It has demonstrated that the Indo-Pacific bottlenose 
dolphin (Tursiops aduncus) are likely to use signature whistles and quantified the characteristics of whistle 
production in freely interacting populations. Substantial geographic and species variation exists in the 
whistle parameters. For the frequency characteristics this is best explained by morphological or species 
differences, whilst social influences and perhaps adaptations for communicating at depth help to explain the 
remainder of the variation observed. Whilst addressing some key issues in the occurrence, production and 
variability of likely signature calls, many more questions have been raised. These shall be summarised 
below.  
 
8.2. Future research areas 
In Chapter 2, novel methods of automated categorisation (ARTwarp, Deecke and Janik, 2006) and signature 
whistle identification based on  SIGID (Janik et al. in press) were applied to identify signature whistle types 
in 10 populations. Although there are reports that signature whistles may occur in numerous species (see 
Chapter 3), applying a quantifiable technique as used here to help identify likely signature whistles would 
add support to these arguments. Furthermore, with a relaxed vigilance parameter this method can be used to 
identity group specific signatures, and look for similar call types used within and between populations.  
 
In Chapter 3, both visual and automated categorisation methods were used to identify probable signature 
whistles in T. aduncus. There are no published reports to confirm signature whistle use in this species. The 
possible exception being Shark Bay, Western Australia where signature whistles are known to be used 
(Smolker et al. 1993) but the taxonomic status of the resident dolphins remains unclear. Ongoing genetic 
studies will help to resolve these issues (Krutzen, pers. comm.). In the absence of this data, further studies 
addressing signature whistle use in captive colonies of T. aduncus using the same methodologies applied to 
common bottlenose dolphins would add substantially to our understanding of vocal behaviour and the use of 
functional calls in this species. There are several instances of hybridised T. aduncus and T. truncatus in 
captive colonies (Best 2007). Studying the vocal output of these individuals could help to elucidate some of 
162
  
the factors underlying the acoustic differences between the species, particularly if combined with knowledge 
of morphological and genetic differences. In addition, acoustic recordings of a potential new species of 
dolphins, previously recognised as T. truncatus in Southern Australia (Charlton et al. 2006, Moller et al. 
2008), combined with morphometric cranial data (Charlton-Robb et al. 2009) might also provide insight into 
the mechanisms underlying the consistent differences in frequency structure in Tursiops spp.  
  
Despite being one of the most well studied species of cetacean, there is a continued lack of clarity concerning 
the taxonomy of bottlenose dolphins, assessed using genetic data. This demonstrates a need for a multi-
national, collaborative study combining traditional methods (e.g. morphometric and osteological studies) 
with novel multi-gene, acoustic and isotopic approaches to better understand this genus. This study has 
highlighted the migratory population of Southern Africa as a key region for future attention. As suggested in 
Chapter 5, there is potential for greater genetic diversity in this population than previously recognised. 
However, the newly sequenced sample size was small and does not represent the large population size. 
Further genetic analysis will help to establish whether structuring is apparent within this population and 
determine evolutionary or current links to other Southern and Eastern African coastal populations, such as 
those inhabiting coastal Mozambique, Zanzibar and Southern Kenya. Combining mtDNA with microsatellite 
data would strengthen the outcomes of such research. Furthermore the unique demographic and movement 
patterns of the Southern African coastal population(s) compared to other populations of T. aduncus make it 
an interesting area for future acoustic research, particularly focusing on the pressure of interference from 
conspecific whistles, as highlighted in Chapter 7. 
 
The first attempt to collect dedicated photo-identification from Northern Zanzibar was made as part of this 
study. Future analysis will work towards producing a preliminary population estimate for this region 
(Öhman, Gridley and Berggren unpublished data) as well as quantifying the degree of movement between 
North and South Zanzibar. Eleven animals photographed as part of this study in Northern Zanzibar in 2008 
had previously been encountered in Southern Zanzibar, demonstrating a greater degree of  movement and 
interchange between these regions then previously recognised using genetic data (Öhman 2010, Särnblad et 
al. 2011). Acoustically these populations are similar, demonstrating convergence in aspects of their signature 
whistle types which are likely to be learnt. Future work in this area should focus on dedicated and 
simultaneous collection of photographic and genetic data through biopsy sampling (Krutzen et al. 2002), to 
help better understand the interchange between these regions and define management units. 
 
Signature whistles represent a large proportion of the vocal emissions of bottlenose dolphin (Caldwell et al. 
1990, Cook et al. 2004). However, there are a wide range of other calls (Blomqvist and Amundin , 
Overstrom 1983, Boisseau 2005, Nowacek 2005) which may serve important functions in bottlenose dolphin 
communication systems. These are highly diverse, yet have received comparatively little attention.  Notably, 
chirps, which are short upswept calls (Caldwell and Caldwell 1968) usually < 0.1 s in duration were 
observed throughout recordings from Doubtful Sound and were present in several other populations. The 
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function of these short call types is not clear but their widespread use warrants more detailed analysis 
combined with dedicated behavioural study.   
 
This thesis has described several degrees of variation in the signature whistle types of bottlenose dolphins. 
Playback experiments (reviewed in Deecke 2006) represent the next logical step, to help determine the 
function of signature whistle types in T. aduncus (see Janik et al. 2006, for how this could be achieved)  and 
investigate whether variations are perceived and how individuals respond to the signature whistle types of 
unfamiliar populations or species. For example, playbacks of infrasonic contact calls in African elephants 
(Loxodonta africana) have demonstrated differential behavioural responses according to varying levels of 
familiarity, showing the ability for recognition over large temporal and spatial scales (McComb et al. 2000). 
Parapatric offshore populations of T. truncatus occur in all regions where T. aduncus were studied and future  
research should explore whether the signature whistle type variation detailed in this thesis is likely to 
promote recognition within and between populations and species of free-ranging bottlenose dolphins. 
 
Although field tests of transmission loss relative to habitat type have been conducted in marine environments 
(Miksis-Olds and Miller 2006, Quintana-Rizzo et al. 2006), this work lags far behind that carried out in 
terrestrial habitats (Hunter and Krebs 1979, Aubin and Jouventin 1998, Slabbekoorn and Smith 2002b, 
Naguib 2003, Couldridge and van Staaden 2004, Charrier et al. 2009). No study has set out to look 
specifically at how signature whistles with different frequency modulation patters or levels of complexity 
(e.g. steps, jumps, harmonic structure) transmit and degrade through different environments, including the 
acoustic environment generated by con-specific vocalisations.  This could provide valuable insight into some 
of the patters observed throughout this thesis and represents an interesting avenue for future research.  
 
Further work investigating the possible influence of predator effects on bottlenose dolphin vocalisations is 
also warranted. In particular, the threat of detection by killer whales is hypothesized to have exerted a strong 
selective influence on the click frequencies used by small species of cetacean  in the genus Cephalorhynchus 
and Kogia (Morisaka and Connor 2007) which produce narrowband high frequency clicks around 125 kHz in 
frequency. Killer whale hearing sensitivity peaks at 20 kHz and is most sensitive between 18 and 42 kHz 
(Szymanski et al. 1999). It is possible that as the smaller of the species, T. aduncus are more at threat of 
attack by killer whales compared to the larger T. truncatus and this may have had a selective influence on T. 
aduncus resulting in lower frequency whistles used by this species which are less likely to be heard by killer 
whales. Further work using playbacks of mammal eating killer whale vocalisations to T. aduncus and T. 
truncatus  would be useful to quantify the perceived threat they pose to these species (Deecke et al. 2002) 
and the likelihood that predation risk has influenced the call frequencies they use  
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8.3. Conclusions  
The social structure and learning capacities of bottlenose dolphins are similar to other highly social, 
cognitively complex and long lived organisms (Connor et al. 1998, Connor 2007). They represent one of a 
few model taxa from the marine environment, through which we can learn not only about cetacean social 
systems but also gain insight into the evolutionary influences acting on animal societies as a whole. Until 
recently, the majority of our information concerning these animals arose from captive research, casting a 
shadow over the applicability of the findings to freely ranging populations. Methodological developments 
with firm groundings in research on both captive and temporarily restrained animals have opened new doors 
to the study of wild and freely interacting individuals, adding the key extra dimension to our understanding 
of their behaviour and through which great insight can be gained.  
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APPENDIX 1 – Comparason of Signature Whistle Type Categorisation Techniques 
 
Summary assessment of three methods for identifying SWT using automated categorisation in ARTwarp followed by bout analysis (SIGID). Contours were 
categorised using a vigilance parameter of 91 or 96 and presented recording section by section (SS) or as a combined dataset (ALL). Signature whistle types are 
SE: single element, CML: Connected multi-loop or DCML: Disconnected multi-loop.   
  SWT Identification Discrimination Categorisation tendency Relative processing time  
  SE CML DCML Discrete 
whistle types 
Subtly 
different 
whistle types 
Lumping vs. splitting Intra-SWT 
variability 
 
91 SS Yes Yes Yes Yes No Lumps 
 
Conservative No. of 
SWT. 
High 
 
Due to 
recombination 
of groups in 
stage 2 
comparisons. 
Intermediate 
 
e.g. 5 minutes processing time per 
section (~40 contours) including 
supervision for feeding contours to 
ARTwarp.  Followed by cross 
comparison using reduced warping 
function of 2. 
 
91 
ALL 
Yes Yes Yes Yes No Lumps 
 
Conservative No. of 
SWT 
High 
 
Due to 
simultaneous 
comparison of 
all contours 
Short 
 
e.g. Processing of 500 contours on 
Laptop PC 2-12 hrs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
M
e
t
h
o
d
 
96 
ALL 
Yes Yes Yes Yes Yes Splits 
 
Possibly inflated No. 
of SWT 
Low 
 
Fine scale 
splitting of SWT
Long 
 
e.g.  Processing of 500 contours on 
Laptop PC 24+ hrs 
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APPENDIX 2 – Signature Whistle Type Examples 
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Example signature whistle types identified from acoustic recordings of freely interacting bottlenose dolphins using automated categorisation in ARTwarp and bout 
analysis (SIGID). A)  Single element SWT from Scotland West Coast, Tursiops truncatus.  B) Connected multi-loop from Plettenberg Bay, Tursiops aduncus.  C) 
Disconnected multi-loop SWT from Zanzibar North, Tursiops aduncus.  
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APPENDIX 3 – Visual Categorisation Task 
 
Visual Categorisation Task:  Instructions to volunteer judges 
 
Thank you for taking the time to undertake this task. Please read all the instructions carefully BEFORE 
you begin the task. The whole task should take no longer than 1-1.5 hours to complete.  
 
Outline of task 
In this task I am asking you to visually assess the shape of the whistle contours from a population of 
bottlenose dolphins. Each plot (graph) is a whistle vocalisation produced by a dolphin. The whistles were 
recorded at different times.  The recording number is shown at the top left of the plot i.e. RECORDING 1 
and each whistle vocalisation has been randomly named with a letter and number, as shown at the top right 
of the plot i.e. B15. Time is plotted along the bottom/horizontal axis and frequency (pitch) along the 
upright/vertical axis. The scale of the axes is the same for all plots.  
 
STAGE 1: Within recording categorisation  
The aim of this stage is to independently categorise the whistle plots for each recording into as many shape 
categories as you think are appropriate.  
 
Start with RECORDING 1 and categorise the whistles into as few or as many groups as you feel are 
appropriate based on the overall shape of the whistle plot.  Once you have decided on the categories, please 
start to complete the accompanying STAGE 1: Data sheet by assigning each category a name, i.e. 
Recording 1, Category 1, and listing the whistle codes in this category next to it (see example below).  
Please make it clear which recording you are referring to and start a new line for each new category 
and recording you categorise. Once you have noted the information for the first recording put away the 
plots from RECORDING 1 before you look at the plots from RECORDING 2. Repeat the process with 
RECORDING 2, categorising this new selection of whistle plots into groups and recording the data on the 
Stage 1: Data sheet.   
 
Continue through ALL of the recordings you have been given, making sure you are happy with your final 
categorisation of all the whistle plots from one recording before moving to the next. There should be no 
groups which contain whistles from more than one recording.  There is no right or wrong answer to this 
task and you may categorise the whistles into as few or as many groups as you feel appropriate for each 
recording. When deciding on categories, please focus on the shape of the whistle and not solely on the 
number of repetitions of a contour within a whistle as the basis for grouping whistles together. The 
categorisations should be your own groupings, please do not ask for other people’s help or opinions. 
 
STAGE 2: Between recording categorisation.  
The aim of stage 2 is to see if the same whistle category is apparent in more than one recording. Please look 
back at each category which contains three or more whistles. Is the same whistle category apparent in 
different recordings?  If so, please list the categories which are the same in Stage 2: Data sheet, under the 
combined category column (see example below).  Again, there are no right or wrong answer to this section 
and no minimum or maximum number of categories which can be combined. Please note that you only need 
to look at the categories which contain three or more whistles for this stage of the task.  
 
FINISHED! 
Once you have categorised each whistle recording by recording, and looked for similar categories between 
recordings for groups with 3 or more whistles, then the task is over.  ☺ 
 
Thank you again for your participation and your time.  
All the best,  
Tess Gridley,   
PhD Candidate, University of St Andrews.  Questions to:  tg46@st-andrews.ac.uk 
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STAGE 1: Example data sheet:  
 
Recording Category Whistle code 
Recording 1 i.e. Category 1  e.g. W 13 
            W  3  
            W  26 
    
       Category 2          W 20 
            W 1 
                 W 5 
            W 17 
   
     Category 3          W 8 
   
Recording 2     Category 1          W 34 
           W 48 
           W 51 
          Etc.... 
 
 
 
STAGE 2: Example data sheet:  
 
Combined category number  Recording & category number 
Combined 1  e.g. Recording 1,  Category 3 
         Recording 2,  Category 5 
Combined 2         Recording 4,  Category 6 
         Recording 5,  Category 3 
         Recording 2,  Category 1                     
         Etc................ 
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APPENDIX 4: ARTwarp grouping at a vigilance parameter of 91 
. 
Fr
eq
ue
nc
y 
 
  
Time 
 
Example of ARTwarp grouping contours together which can otherwise be split by visual categorisation. 
There are significant differences in the start frequency in both examples when compared to a random 
separation, suggesting that  both example A and B contain two stereotyped contours grouped together 
(Student t-test ZNB visually separated by shape P <0.0001 vs. random separation P = 0.0978, df = 20, 
JBG visually separated by shape P < 0.0001 vs. random separation P = 0.7076, df 28). 
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APPENDIX 5. – Summary of Genetic Information Available 
Summary of the mtDNA control region sequences available for each research population, showing the number of samples (n), number of haplotypes 
(n.hap), haplotype frequency (hap.freq), haplotype code, GenBank Accession numbers (where available), sequence base pair length (seq bp), haplotype 
base pair length (hap bp), sample type and source.  Sample type in parenthesis next to sample n, and coded as B= Biopsy, BC=Bycatch, S=stranding, 
F=faecal.  Species are Tt, Tursiops truncatus or Ta, Tursiops aduncus. *Haplotype frequencies for Doubtful Sound (NZ), courtesy of Gabriela Tezanos-
Pinto/C. Scott Baker, as  updated from Tezanos-Pinto et al. (2009).  Duplicate haplotypes from Asia region indicated by ** as those identified by Wang 
et al. (1999) or Yang et al. (2005).  
Code Population Sp.  n. samples n. 
hap 
hap. freq hap. code Accession 
numbers  
seq. bp 
length 
hap. bp 
length 
Source 
FL Florida Tt 55 (B) 3 27 GTtr19 AY997307 450 419 Sellas, et al. 
(2005) 
     23 Ttr2 AY997308    
     5 Ttr16 AY997309    
SW Scotland 
West Coast  
Tt 16 (B7, 9S) 7 1 Hap1 (B-01) - 660 507 Islas-Villanueva 
(2009) 
     1 Hap2 (B-02) -    
     10 Hap8 (M160/00) -    
     1 Hap9 (M167/98) -    
     1 Hap10 (M1924/98) -    
     1 Hap11 (M146/01) -    
     1 Hap12 (M32/08) -    
SE Scottish 
East Coast  
Tt 56 (B 34, 22) 3 44 Hap1 (B-01) - 660 507 Islas-Villanueva 
(2009) 
     11 Hap2 (B-02) -    
     1 Hap3 (B-21) -    
DS Doubtful 
Sound  
Tt 14 (B) 5 2 NZ-N18 EU276390 647 645 
     5 NZ-F02 EU276405   
     3 NZ-F10 EU276411   
     1 NZ-MS01 EU276406   
* Tezanos-Pinto 
et al.  (2009), 
updated hap freq. 
through pers 
comm. 
     3 NZ-F01 EU276404    
SAPB South 
Africa, 
Plettenberg 
Ta 12 (B) 4 1 PBHAP_01 
(BND1009) 
- 586 586 This study. Skin 
samples obtained 
from Cockcroft, 
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Bay 
     1 PBHAP_02 
(BND1119) 
-   
     4 PBHAP_03 
(BND1115, 
BND1125, 
BND1225, 
BND1308) 
-   
Worthy and 
Browning (2010) 
     6 PBHAP_04 
(BND145,  
BND232,  
BND935, 
BND1000, 
BND1240, 
BND1448) 
-    
SAMG Ta 17 (B) 5 10 HAplo1-SA EF636207 599 599 Natoli et al. 
(2007) 
    4 HAplo2-SA EF636208    
    1 HAplo3-SA EF636209    
    1 HAplo4-SA EF636210    
 
South 
Africa 
migratory 
   1 HAplo5-SA EF636211    
SAKNSC Ta 15 (BC) 3 7 HAplo1-SA EF636207 599 599 Natoli et al. 
(2007) 
    7 HAplo2-SA EF636208    
 
South 
Africa,  
Kwazulu-
Natal south 
coastal 
stock 
   1 HAplo3-SA EF636209    
SAKNNC Ta 18 (BC) 4 10 HAplo1-SA EF636207 599 599 Natoli et al. 
(2007) 
    3 HAplo2-SA EF636208    
 
South 
Africa 
Kwazulu-
Natal north 
coastal 
stock 
   4 HAplo3-SA EF636209    
     1 HAplo6-SA EF636212    
ZS Zanzibar Ta 23 (B22,BC1) 8 5 ZZ1 - 429 429 Särnblad, et al. 
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South  
     3 ZZ2 -   
     1 ZZ3 -   
     1 ZZ4 -   
     6 ZZ5 -   
(2011).  
Complete 
sequences 
obtained through 
pers comm. 
     3 ZZ6 -    
     3 ZZ7 -    
     1 ZZ8 -    
ZN Zanzibar 
North  
Ta 21 (BC) 8 1 ZZ1 - 429 429 
     1 ZZ5 -   
     11 ZZ6 -   
     2 ZZ7 -   
     1 ZZ9 -   
Särnblad, et al. 
(2011).  
Complete 
sequences 
obtained through 
pers comm. 
     2 ZZ10 -    
     1 ZZ11 -    
     2 ZZ13 -    
MK 
 
Mikura  Ta 3  
(1 (min) F,2 
S) 
2 1 JA03 - 526 - Pers. comm. Dr 
Azusa Hayano 
                2 M30133/ M32733            - 385 - Kakuda et al. 
(2002) 
AS (MK) Asia region Ta 31 (BC, BL),  16 6 (2W,4Y) A1WCH AF056233 386 386  
      2 A2WCH AF056234    
      1 A3WCH AF056235    
      1 A4WCH AF056236    
 
     5 (4W, 1Y) A7WCH AF056239    
Wang et al. 
(1999),   
W ** 
Yang et al. 
(2005),  Y**   
 
      5 (3W,2Y) A8WCH AF056240     
      2 A9WCH AF056241      
      1 A10WCH AF056242      
      1 A11WCH AF056243      
      1 A1YCH AF355576 422 386  
      1 A2YCH AF355577     
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      1 A3YCH AF355578     
      1 A4YCH AF355579     
      1 A5YCH AF355580     
      1 A6YCH AF355581     
      1 A7YCH AF459520 432 386   
JB         Jervis Bay  Ta 22 (B) 5 9 SEAust1 AF287951 460  403 
     10 SEAust2 AF287952   
     1 SEAust3 AF287953   
Möller & 
Beheregaray 
(2001) 
Wiszinewski et 
al. (2009) 
     1 SEAust4 AF287954    
     1 SEAust6 HQ115064 
 
  Pers comm 
Wiszniewski 
(2010) 
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APPENDIX 6 - – Auxiliary Genetic Data 
  
APPENDIX 6a – Summary of mtDNA amplification and sequencing used for 12 samples from 
migratory bottlenose dolphins off Plettenberg Bay, South Africa. Replicated with permission from 
Islas-Villanueva (2009) 
              2.2.2. Mitochondrial DNA  
 
A 660 bp section of the control region was amplified for 110 samples using the primers: Rev 
(5’GTGACGGGGCCTTTCTAA 3’) (LeDuc 1999) and F2 (5’CTC ACC ACC AAC ACC CAA AG 
3’). The F2 primer was designed with Primer 3 (http://primer3.sourceforge.net/) from a Tursiops 
truncatus sequence (AY963625) to obtain a longer fragment from the one already published by 
Parsons et al. (2002).  Polymerase chain reaction conditions were as follow: 150µM dNTPs, 1.5 mM 
MgCl2, 20 mM Tris-HCl pH 8.0, 50 mM KCl, 0.3 µM of each primer, 1.25 U/µL of Taq (Bioline) and 
20 ng of DNA for a 25µL total reaction.  PCR cycling profile:  4min at 95 °C, 30 cycles of 45 secs at 
94°C, 1 min at 55.8°C and 1 min at 72 °C, followed by a final extension of 5 min at 72°C.   
 
PCR products were purified with a QIAGEN-QIAquick gel extraction kit and quantified for 
automated sequencing. Individuals were sequenced in both directions (forward and reverse) to verify 
the identity of each nucleotide in several cases where the sequences were not of high quality.  
Sequences were edited, checked and aligned by eye with BIOEDIT 7.0.5.3.   
 
APPENDIX 6b – Reference sequence for PBHAP_01, the first Haplotype sequence from Plettenberg 
Bay, South Africa.  
 
>BND1009 
ATTCCCTTGAAAAAGCTTATTGTACAATTACCACAACATCACAGTACTACGTCAGTATTA 
AAAGTAATTTGTTTTAAAAACATTTTACTGTACACATTACATACACATACACATGTACAT 
GCTAATATTTAGTCTCTCCTTGTAAATATTCATATATACATGCTATGTATTATTGTGCAT 
TCATTTATTTTCCATACGATAAGTTAAAGCTCGTATTAATTATCATTAATTTTACATATT 
ACATAATATGCATACTCTTACATATTATATATCCCCTTCAATTTCATCTCCATTGTATCC 
TATGGTCGCTCCATTAGATCACGAGCTTAATCACCATGCCGCGTGAAACCAGCAACCCGC 
TCGGCAGGGATCCCCCTTCTCGCACCGGGCCCATATCTCGTGGGGGTAGCTAATGGTGAT 
CTTTATAAGACATCTGGTTCTTACTTCAGGACCATTTTAACTTAAAATCGCCCACTCGTT 
CCTCTTAAATAAGACATCTCGATGGACTTATGACTAATCAGCCCATGCCTAACATAACTG 
AGATTTCATACATTTGGTATTTTTTAATTTTTGGGGGGGAGCTTGC 
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APPENDIX 7 – Reported Whistle Characteristics 
Descriptive statistics for commonly reported whistle characteristic from Tursiops.  Species; Tursiops truncatus (T.t.), Tursiops aduncus  (Ta), or Tursiops 
species, ( T. spp ) indicated in parenthesis.  * denotes where values were not reported.    
Location Stats 
Start 
(kHz) End (kHz) 
Min 
(kHz) 
Max 
(kHz) 
Range 
(kHz) 
Duration 
(sec) Inflection COFM Source 
M(811) 7.95 9.02 5.98 11.95 * 0.75 2.57 * 
(± SD) 2.88 3.96 2.30 3.08 * 0.46 2.62 * Galveston, Texas 
(Tt) COV 36.06 43.96 38.54 25.81 * 61.87 101.82 * 
Wang et al. (1995b) 
 
M (617) 7.43 8.71 5.88 11.43 * 0.69 2.14 * 
(± SD) 2.44 4.04 2.65 3.80 * 0.41 2.97 * Corpus Christi, 
Texas (Tt) COV 32.81 46.31 27.68 33.19 * 60.50 138.49 * 
Wang et al. (1995b) 
 
M (549) 8.70 6.40 5.37 10.33 * 0.60 1.37 * 
(± SD) 2.95 2.44 20.78 2.80 * 0.26 1.65 * South Padre 
Island, Texas, (Tt) COV 33.91 38.11 20.78 27.08 * 43.66 119.84 * 
Wang et al. (1995b) 
 
M (1821) 10.82 11.17 7.87 16.19 * 0.88 3.02 * 
(± SE) 0.35 0.53 0.20 0.40 * 0.05 0.27 * Gulf of Mexico 
(Tt) COV * * * * * * * * 
Baron et al. (2008) 
 
M (77) 8.43 13.15 5.68 17.61 11.94 0.89 2.64 4.8 
(± SD) 3.66 5.57 2.24 4.93 4.32 0.69 3.41 6.53 
Gandoca-
Manzanillo, Costa 
Rica (Tt) COV 43.50 42.4 39.30 28.00 36.20 77.1 129.5 136.0 
May-Collado and Wartzok 
(2008) 
 
M (858) 11.26 10.23 7.33 16.24 * 1.30 2.86 * 
(±SD) 3.98 3.64 1.66 2.69 * 0.63 2.45 * 
W. N 
 Atlantic (Tt) 
 COV 35.00 36.00 23.00 17.00 * 48.00 86.00 * 
Steiner (1981) 
 
M (894) 10.64 12.40 8.24 15.03 * 0.62 1.43 * 
(± SE) 0.55 0.61 0.24 0.61 * 0.06 0.21 * 
W.N. 
Atlantic (Tt) 
 COV * * * * * * * * 
Baron et al. (2008) 
 
M  (788) 8.28 8.37 5.96 12.21 6.25 0.55 1.42 * 
(±SD) 3.11 3.70 2.15 3.20 3.34 0.39 1.85 * 
Patos Lagoon 
estuary, S. Brazil 
(Tt) COV 37.60 44.20 36.10 26.20 53.40 71.20 92.50 * 
Azevedo et al. (2007) 
M (110) 9.24 6.63 5.91 13.65 * 1.14 1.58 * 
(± SD) 2.74 2.29 1.50 1.54 * 0.49 1.24 * 
Argentina, (Tt) COV 29.65 34.60 25.71 11.28 * 42.74 78.66 * 
Wang et al. (1995b) 
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M (735) 5.80 12.10 5.40 15.00 * 0.86 * * 
(±SD) 1.80 4.40 1.20 2.70 * 0.40 * * Sado estuary, 
Portugal (Tt) COV * * * * * * * * 
dos Santos et al.  (2005) 
 
M (256) 12.13 12.51 10.85 16.41 5.56 1.40 * * 
SD 2.77 3.66 2.38 3.62 2.82 1.21 * * Muroto, Kochi, 
Japan (Tt)  COV * * * * * * * * 
Akiyama and Ohta  (2007) 
 
M (515) 6.74 8.06 5.63 9.39 * 0.37 0.78 * 
(+/- SD) 2.82 3.8 2.21 3.9 * 0.25 0.88 * 
Amakura-
shimoshima, I,  
Japan (Ta) CV 41.81 47.14 39.16 41.55 * 67.33 113.77 * 
 
Morisaka et al. (2005b) 
 
M (851) 7.17 9.82 5.89 12.21 * 0.39 1.22 * 
(+/- SD) 2.85 4.18 2.44 3.2 * 0.33 1.39 * Mikura I, Japan 
(Ta) CV 39.73 42.57 40.77 26.20 * 89.27 113.45 * 
Morisaka et al. (2005b) 
 
M (247) 6.91 10.35 5.61 12.34 * 0.44 1.19 * 
(+/- SD) 3.12 4.86 2.06 4.93 * 0.44 1.5 * Ogaswaea I,  
Japan (Ta) CV 45.15 46.98 36.82 39.93 * 99.88 125.86 * 
 
Morisaka et al. (2005b) 
 
M (215) 10.33 8.87 7.37 11.62 * 0.62 0.88 * 
(+/- SD) 2.41 2.21 1.54 2 * 0.34 0.79 * Japan (T. spp) 
 CV 23.31 24.9 20.89 17.18 * 55.23 88.9 * 
 
Wang et al. (1995b) 
 
M (658) 3.84 7.56 3.57 10.57 * 0.68 1.63 * 
(+/- SD) 1.42 3.8 0.97 3.02 * 0.35 1.53 * Shark Bay, 
Australia (T.spp) CV 36.92 50.25 27.19 28.55 * 50.9 94.37 * 
 
Wang et al. (1995b) 
 
M (306) 11.61 10.24 7.92 17.07 9.15 1.11 2.85 * 
(±SD) 5.11 4.78 2.49 4.55 * 0.69 2.67 * Pacific Ocean (Tt) 
E. Tropical COV * * * * * * * * 
Oswald et al. (2007) 
M 11.20 9.00 7.40 17.20 10.00 1.40 3.70 * 
(±SD) 4.60 3.70 2.20 3.10 3.50 0.70 3.00 * 
 
Pacific Ocean  
(Tt) COV 3.30 3.20 2.30 1.40 2.80 4.40 6.50 * 
 
Oswald et al. (2003) 
 
M (110) 12.10 9.19 6.91 13.68 * 0.66 1.15 * 
(±SD) 2.89 3.44 2.11 1.72 * 0.35 1.32 * 
 
Gulf of California 
(Tt) COV 23.91 37.45 30.48 12.55 * 53.10 115.16 * 
 
Wang et al. (1995b) 
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APPENDIX 8 – Contour Parameter Measures 
 
Summary of the parameters automatically measured from each of the extracted contours 
Parameter Abbreviation Description 
Start Frequency STF First frequency point of the whistle 
End Frequency ENDF Last frequency point of the whistle 
Max Frequency MAXF Frequency at the highest part of the whistle 
Min Frequency MINF Frequency at the lowest part of the whistle 
Frequency Range RF Difference between maximum and minimum frequency 
Duration DUR Time duration of contour in ms 
Mean Frequency MEANF Averaged frequency points 
Median Frequency 
point 
MEDF 50th percentile of the frequency points 
1st Quartile frequency 1QPNT Frequency at one quarter duration 
 
Mid Frequency MIDPNT  Frequency at one half duration   
2nd Quartile Frequency 2QPNT Frequency at three quarters duration   
 
Beginning slope BGSL Whether the slope of the first averaged sample is positive or 
negative or constant 
Inflection Points INF Whether the slope of the contour changes from positive to negative 
beyond a set threshold. Calculated using a moving average over 5 
points and a threshold of ±SD 100   
End Slope ESL Whether the slope of the last averaged sample is positive or 
negative or constant 
Presence or absence or 
a plateau 
PAPLAT 
 
If the standard deviation of a section 50 ms or greater is < ±100 
 
Jumps JUMP Where there is a steep section preceded or followed by a period of 
constant  
Presence or absence of 
jumps 
PAJUMP Presence or absence of jumps (see above) 
Steep Sections STEEP Where the frequency changes by the threshold amount (±SD500) 
between one point and the next: count 
Presence or absence of 
steep sections 
PASTEEP Presence or absence steep sections (see above) 
Steps STEP Constant-steep-constant: count 
Presence or absence of 
steps 
PASTEP Constant-steep-constant: presence or absence 
 
Different between End 
and start frequency 
DIFES,  
(0, -1,1) 
Is there a >2 kHz difference between start and end points? 
 
Frequency Gradient FG (End frequency/ start frequency)/ duration 
 
Absolute Frequency 
Gradient 
ABFG Absolute value of frequency gradient (see above) 
 
Co-efficient of 
frequency Modulation 
COFM Modified version of COFM (McCowan and Reiss 1995b) to account 
for contours where the number of frequency points is not divisible 
exactly by 20 
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APPENDIX 9 – Inflection Point Detection Example 
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                 Sampling points ( = duration  in ms / 5) 
 
Example of how the inflection points (changes from negative to positive or vice 
versa) are measured using custom written MATLAB script. Each vertical line 
shows the location of an inflection point (n=5 inflections in this example). 
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APPENDIX 10 – Signature Whistle Type Catalogues 
 
APPENDIX 10a – Harderwijk 
 
 
 
 
Harderwijk catalogue of signature whistle types identified in ARTwarp using a vigilance parameter of 91 
and presenting the extracted contours recording section by section. Catalogue is supplemented by 4 
known signature whistles recorded from isolated individuals.    
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APPENDIX 10b – Florida 
 
 
 
 
 
 
Florida catalogue of signature whistle types identified in ARTwarp using a vigilance parameter of 91 and 
presenting the extracted contours recording section by section. Catalogue is supplemented by 9 known 
signature whistles recorded from isolated individuals.    
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APPENDIX 10c – Scotland West Coast 
 
 
 
Scotland West Coast catalogue of signature whistle types identified in ARTwarp using a vigilance 
parameter of 91 and presenting the extracted contours recording section by section.   
 
 
198
    
APPENDIX 10d – Scotland East Coast 
 
 
 
 
 
Scotland East Coast catalogue of signature whistle types identified in ARTwarp using a vigilance 
parameter of 91 and presenting the extracted contours recording section by section.   
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APPENDIX 10e – Doubtful Sound 
 
 
 
 
 
 
Doubtful Sound catalogue of signature whistle types identified in ARTwarp using a vigilance parameter 
of 91 and presenting the extracted contours recording section by section.   
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APPENDIX 10f – Plettenberg Bay 
 
 
 
 
 
Plettenberg Bay catalogue of signature whistle types identified in ARTwarp using a vigilance parameter 
of 91 and presenting the extracted contours recording section by section.   
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APPENDIX 10g – Zanzibar South 
 
 
 
Zanzibar South catalogue of signature whistle types identified in ARTwarp using a vigilance parameter 
of 91 and presenting the extracted contours recording section by section.   
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APPENDIX 10h – Zanzibar North 
 
 
 
 
Zanzibar North catalogue of signature whistle types identified in ARTwarp using a vigilance parameter of 
91 and presenting the extracted contours recording section by section.   
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APPENDIX 10i – Mikura 
 
 
 
 
 
Mikura catalogue of signature whistle types identified in ARTwarp using a vigilance parameter of 91 and 
presenting the extracted contours recording section by section.   
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APPENDIX 10j – Jervis Bay 
 
 
 
 
Jervis Bay catalogue of signature whistle types identified in ARTwarp using a vigilance parameter of 91 
and presenting the extracted contours recording section by section.   
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APPENDIX 11- Statistical Comparisons of Signature Whistle Type Parameters 
Inter- and intra-specific and population comparisons of bottlenose dolphin signature whistle types. Wilcoxon rank sum shown for 2 way 
comparison (W) and Kruskal-Wallis (H) for intra-specific and inter-population comparisons. Values are shown for comparisons where 5 repeated 
emissions of each SWT (SWT x 5) are used to represent each SWT and where the mean of these is used as the unit of comparison. Frequency 
shown by F(parameter) in kHz.  Species compared are Tursiops truncatus and Tursiops aduncus. Populations  compared are: Tursiops truncatus 
populations: Florida,  Scotland West Coast, Scotland East Coast and Doubtful Sound. Tursiops aduncus populations: Plettenberg Bay, Zanzibar 
South, Zanzibar North, Mikura and Jervis Bay. 
Inter-specific Tt:Ta Intra-specific Tt Intra-specific Ta Population (Tursiops) 
Parameter SWTs (x5) Mean of SWT SWTs (x5) Mean of SWT SWTs (x5) Mean of SWT SWTs (x5) Mean of SWT 
 W P W P H P H P H P H P H P H P 
Fstart 37341 0.000 1524 0.037 41.3 0.000 9.7 0.045 8.0 0.092 1.8 0.773 58.3 0.000 13.7 0.134 
Fend 46037 0.000 1882 0.000 27.9 0.000 6.5 0.168 47.5 0.000 10.8 0.029 157.3 0.000 34.6 0.000 
Fmax 45265 0.000 1857 0.000 12.6 0.014 3.1 0.534 18.4 0.001 4.5 0.348 111.8 0.000 25.0 0.003 
Fmin 45625 0.000 1884 0.000 31.8 0.000 7.5 0.111 20.1 0.000 6.1 0.191 123.5 0.000 28.4 0.001 
Frange 39746 0.000 1639 0.004 18.1 0.001 4.1 0.398 11.2 0.024 2.6 0.627 61.8 0.000 14.5 0.107 
Duration 39423 0.000 1634 0.004 26.5 0.000 5.1 0.282 8.2 0.084 1.8 0.772 62.6 0.000 14.4 0.109 
Fmean 48890 0.000 1975 0.000 19.2 0.001 4.5 0.338 39.1 0.000 8.3 0.080 170.5 0.000 34.9 0.000 
Fmedian 48044 0.000 1942 0.000 14.4 0.006 2.9 0.574 42.8 0.000 8.8 0.065 158.8 0.000 32.5 0.000 
F1quart 46743 0.000 1917 0.000 13.8 0.008 3.5 0.475 49.5 0.000 12.1 0.017 152.3 0.000 34.7 0.000 
Fmedquart 44840 0.000 1868 0.000 15.6 0.004 2.8 0.585 32.1 0.000 10.4 0.034 118.7 0.000 29.4 0.001 
F2quart 44498 0.000 1836 0.000 3.1 0.547 0.9 0.921 27.3 0.000 6.5 0.164 98.2 0.000 22.5 0.007 
Fgrad 37678 0.000 1482 0.073 34.3 0.000 9.0 0.061 39.6 0.000 11.4 0.022 95.7 0.000 23.1 0.006 
Absolute Fgrad 32422 0.225 1271 0.750 25.3 0.000 8.0 0.092 32.5 0.000 8.1 0.087 59.7 0.000 15.8 0.072 
Beginning slope 41036 0.000 1817 0.000 8.9 0.063 3.9 0.413 20.8 0.000 7.1 0.128 80.7 0.000 26.4 0.002 
No. inflection points 33279 0.073 1324 0.490 48.0 0.000 9.6 0.047 10.7 0.030 2.5 0.640 64.1 0.000 14.5 0.104 
End slope 36143 0.001 1479 0.074 53.8 0.000 15.3 0.004 44.4 0.000 13.0 0.011 108.3 0.000 31.3 0.000 
P/A Plateau 28328 0.008 1125 0.346 6.1 0.193 2.6 0.635 5.8 0.211 3.7 0.448 19.0 0.025 7.1 0.631 
Jump (count) 32124 0.193 1376 0.280 13.7 0.008 4.1 0.398 8.2 0.083 5.9 0.208 23.9 0.004 10.2 0.334 
Jump(P/A) 31971 0.233 1340 0.407 12.4 0.015 4.4 0.357 7.9 0.095 5.3 0.256 21.9 0.009 10.1 0.346 
Steep (count) 39956 0.000 1676 0.002 41.8 0.000 10.2 0.037 7.3 0.121 2.2 0.694 80.9 0.000 20.6 0.014 
Steep (P/A) 35055 0.000 1624 0.003 21.8 0.000 10.2 0.037 4.9 0.296 2.6 0.624 38.0 0.000 20.4 0.016 
Step (count) 30441 0.939 1286 0.605 4.1 0.389 2.3 0.685 5.3 0.259 1.9 0.746 9.5 0.396 4.4 0.881 
Step(P/A) 30457 0.955 1281 0.634 3.9 0.415 2.0 0.744 5.0 0.288 1.9 0.752 9.0 0.441 4.1 0.907 
COFM 36338 0.000 1485 0.069 38.2 0.000 9.2 0.057 12.3 0.015 2.7 0.612 3.5 0.000 14.7 0.100 
Difference (end-start) 39145 0.000 1668 0.001 30.2 0.000 8.2 0.084 44.9 0.000 11.0 0.027 110.3 0.000 27.6 0.001 
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APPENDIX 12 – Results of Whistle Parameter Comparisons 
 
Pair-wise Wilcoxon rank sum tests for equal medians for core signature whistle parameters from 10 
populations of bottlenose dolphins. Each SWT is represented by 5 repeated emissions. Inter-
specific comparisons are highlighted in grey. Micro-geographic comparisons are highlighted in 
yellow. Significant values after Bonferroni correction (i.e. were P ≤ 0.0056) are shown by a 1 and 
highlighted in bold below the diagonal. Values for P are shown above the diagonal.  Population 
codes are Tursiops truncatus: Harderwijk (HW), Florida (FL),  Scotland West Coast (SW), 
Scotland East Coast (SE) and Doubtful Sound (DS). Tursiops aduncus populations: Plettenberg 
Bay (PB), Zanzibar South (ZS), Zanzibar North (ZN), Mikura (MK) and Jervis Bay (JB).  
Start Frequency HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.142 0.030 0.072 0.000 0.549 0.891 0.116 0.225 0.835
FL 0 * 0.264 0.616 0.000 0.292 0.227 0.002 0.795 0.282
SW 0 0 * 0.437 0.000 0.105 0.023 0.000 0.150 0.200
SE 0 0 0 * 0.000 0.137 0.095 0.000 0.461 0.106
DS 1 1 1 1 * 0.000 0.000 0.000 0.000 0.005
PB 0 0 0 0 1 * 0.911 0.052 0.500 0.803
ZS 0 0 0 0 1 0 * 0.048 0.271 0.568
ZN 0 1 1 1 1 0 0 * 0.001 0.652
MK 0 0 0 0 1 0 0 1 * 0.312
JB 0 0 0 0 1 0 0 0 0 * 
End Frequency HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.014 0.167 0.030 0.347 0.000 0.002 0.277 0.000 0.000
FL 0 * 0.659 0.000 0.001 0.000 0.000 0.001 0.000 0.000
SW 0 0 * 0.002 0.031 0.000 0.000 0.021 0.000 0.000
SE 0 1 1 * 0.307 0.000 0.285 0.245 0.000 0.000
DS 0 1 0 0 * 0.000 0.101 0.893 0.000 0.000
PB 1 1 1 1 1 * 0.001 0.000 0.007 0.864
ZS 1 1 1 0 0 1 * 0.056 0.118 0.000
ZN 0 1 0 0 0 1 0 * 0.000 0.000
MK 1 1 1 1 1 0 0 1 * 0.006
JB 1 1 1 1 1 0 1 1 0 * 
Minimum 
Frequency HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.053 0.058 0.015 0.000 0.024 0.185 0.013 0.558 0.020
FL 0 * 0.538 0.438 0.000 0.000 0.000 0.000 0.003 0.000
SW 0 0 * 0.841 0.003 0.000 0.000 0.000 0.001 0.000
SE 0 0 0 * 0.001 0.000 0.000 0.000 0.000 0.000
DS 1 1 1 1 * 0.000 0.000 0.000 0.000 0.000
PB 0 1 1 1 1 * 0.034 0.277 0.002 0.677
ZS 0 1 1 1 1 0 * 0.196 0.353 0.005
ZN 0 1 1 1 1 0 0 * 0.014 0.063
MK 0 1 1 1 1 1 0 0 * 0.000
JB 0 1 1 1 1 0 1 0 1 * 
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Maximum 
Frequency HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.095 0.845 0.250 0.023 0.000 0.000 0.008 0.001 0.000
FL 0 * 0.440 0.009 0.288 0.000 0.000 0.000 0.000 0.000
SW 0 0 * 0.264 0.341 0.000 0.021 0.052 0.017 0.004
SE 0 0 0 * 0.005 0.000 0.070 0.233 0.075 0.011
DS 0 0 0 1 * 0.000 0.000 0.000 0.000 0.000
PB 1 1 1 1 1 * 0.007 0.003 0.000 0.098
ZS 1 1 0 0 1 0 * 0.746 0.908 0.223
ZN 0 1 0 0 1 1 0 * 0.861 0.160
MK 1 1 0 0 1 1 0 0 * 0.201
JB 1 1 1 0 1 0 0 0 0 * 
Frequency Range HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.703 0.373 0.005 0.127 0.000 0.005 0.072 0.002 0.001
FL 0 * 0.139 0.000 0.038 0.000 0.000 0.007 0.000 0.000
SW 0 0 * 0.157 0.498 0.003 0.482 0.518 0.160 0.153
SE 1 1 0 * 0.015 0.025 0.787 0.389 0.952 0.690
DS 0 0 0 0 * 0.000 0.025 0.162 0.003 0.004
PB 1 1 1 0 1 * 0.017 0.007 0.009 0.070
ZS 1 1 0 0 0 0 * 0.638 0.691 0.465
ZN 0 0 0 0 0 0 0 * 0.431 0.223
MK 1 1 0 0 1 0 0 0 * 0.730
JB 1 1 0 0 1 0 0 0 0 * 
Mean Frequency HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.048 0.491 0.202 0.000 0.000 0.000 0.000 0.118 0.001
FL 0 * 0.865 0.868 0.000 0.000 0.000 0.000 0.000 0.000
SW 0 0 * 0.916 0.121 0.000 0.009 0.000 0.061 0.006
SE 0 0 0 * 0.008 0.000 0.000 0.000 0.003 0.000
DS 1 1 0 0 * 0.000 0.000 0.000 0.000 0.000
PB 1 1 1 1 1 * 0.009 0.657 0.000 0.093
ZS 1 1 0 1 1 0 * 0.028 0.006 0.724
ZN 1 1 1 1 1 0 0 * 0.000 0.181
MK 0 1 0 1 1 1 0 1 * 0.005
JB 1 1 0 1 1 0 0 0 1 * 
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Duration HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.001 0.354 0.650 0.003 0.203 0.800 0.002 0.345 0.132
FL 1 * 0.013 0.000 0.564 0.000 0.002 0.000 0.000 0.000
SW 0 0 * 0.768 0.014 0.790 0.566 0.155 0.898 0.830
SE 0 1 0 * 0.000 0.184 0.784 0.004 0.763 0.298
DS 1 0 0 1 * 0.001 0.005 0.000 0.001 0.000
PB 0 1 0 0 1 * 0.279 0.296 0.541 0.575
ZS 0 1 0 0 1 0 * 0.006 0.626 0.343
ZN 1 1 0 1 1 0 0 * 0.039 0.008
MK 0 1 0 0 1 0 0 0 * 0.618
JB 0 1 0 0 1 0 0 0 0 * 
Inflection points HW FL SW SE DS PB ZS ZN MK JB 
HW * 0.002 0.002 0.032 0.182 0.094 0.630 0.016 0.874 0.074
FL 1 * 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.000
SW 1 1 * 0.127 0.015 0.021 0.001 0.259 0.003 0.005
SE 0 1 0 * 0.264 0.413 0.017 0.647 0.046 0.229
DS 0 1 0 0 * 0.735 0.089 0.148 0.255 0.950
PB 0 1 0 0 0 * 0.051 0.213 0.145 0.973
ZS 0 0 1 0 0 0 * 0.009 0.509 0.048
ZN 0 1 0 0 0 0 0 * 0.019 0.128
MK 0 1 1 0 0 0 0 0 * 0.159
JB 0 1 1 0 0 0 0 0 0 * 
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APPENDIX 13 – Calculation of Co-efficient of Frequency Modulation 
 
Straight line: COFM = 1.9 1 Inflection : COFM = 1.9 
 
 
Step: COFM = 1 Multiple inflection: COFM = 4.8 
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 No. Points 
 
 Co-efficient of frequency modulation (COFM) values of 4 example contours calculated from 
using the formula COFM= ∑19 [Yn+1 – Yn] / 10,000  (McCowan and Reiss 1995b) 
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APPENDIX 14: Bottlenose dolphin population parameters 
Table A14a.  Body length, associated errors in estimation (where documented) and source for 9 
populations of bottlenose dolphins. Where male (m) and female (f) lengths are provided separately, and no 
mean reported, the difference between the two values has been used. **Estimation of asymptotic body 
length.  
Population Body  length (cm) Source 
Florida 258 (266 m, 250 f) Tolly et al. (1995) 
Scotland West Coast 310 (± SD 25.2) This study/Reid Pers. comm. 
Scotland East Coast 304 (± SD 24.8) This study/Reid Pers. comm. 
Doubtful Sound 320* Schnider (1999, In Boisseau 2005) 
Plettenberg Bay 238 Ross (1977)  
Hale et al. (2000) 
Zanzibar South 223* (223 m, 222 f) Amir (2010) 
Zanzibar North 223* (223 m, 222 f) Amir (2010) 
Mikura 232 (225 m, 239 f) Hale et al. (2000) 
Jervis Bay 229 (230 m, 229 f)  Hale et al. (2000) 
 
 
Table A14b. Index of habitat depths and sources for 9 populations of bottlenose dolphins (Tursiops spp.).  
Rating based on: 1) Shallow, mostly < 20 m, 2) Intermediate, mostly between 5-100 m, 3) Deep, mostly > 
100 m.  
Population Depth description Rating Source 
Florida Shallow < 10 m 1 Quintana-Rizzo et al. (2006). 
Barros and Wells  (1998) 
Buckstaff (2004) 
Scotland West Coast Mostly < 50 m 2 GEBCO  (In Embling 2007) 
Scotland East Coast Mostly < 30 m, though some 
50+  m depths 
2 Culloch and Robinson (2008) 
Hastie et al. (2003) 
Doubtful Sound Mean 200 m, max 434 m 3 Stanton and Pickard  (1981, In 
Lusseau et al. 2003)  
Plettenberg Bay Almost exclusively <  30m 2 Ross et al. (1987) /This study 
Zanzibar South 23.62 (±11.69) 2 This study 
Zanzibar North 15.98 (±10.07) 2 This study 
Mikura 2 - 45 m 2 Kogia et al. (2004) 
Jervis Bay Max 30m,  preference for < 11m 1 Möller and Harcourt (1998) 
Lemon et al. (2006) 
 
 
Table A14c. Score of residency patterns and key references for 9 populations of bottlenose dolphins  
Population Residency Source 
Florida Resident Brumm and Todt (2004) 
Scotland West Coast Resident Grellier and Wilson (2003) 
Thompson et al. (2011) 
Scotland East Coast Resident Thompson et al. (2011) 
Doubtful Sound Resident Lusseau et al. (2003) 
Plettenberg Bay Migratory Phillips (2006) 
Reisinger and Karczmarski (2010) 
Zanzibar South Resident Stensland et al. (2006) 
Zanzibar North Likely resident Särnblad et al. (2011) 
Mikura Resident Kogia et al. (2004) 
Jervis Bay Resident Moller and Harcourt (1998) 
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Table A14d : Population size estimates for 9 populations of bottlenose dolphins, Tursiops spp.  * estimate 
from 2007 used , ** estimate from 2006 used . *** Minimum population estimate based. Where error is 
stated in each publication,  it is indicated in parenthesis together with the unit of error. 
Population Population Size Source 
Florida 140 (e = N/A) Buckstaff (2004) 
Watwood et al. (2005) 
Scotland West Coast 45 (e= 95% CI = 33-66 *) Thompson et al. (2011) 
Scotland East Coast 193 (e: 95% CI=162-245 **) Thompson et al. (2011) 
Doubtful Sound 56 (e: 0/ CV = 1%) Currey (2008) 
Plettenberg Bay 28,482 (e: 95% CI = 16,220–40,744) Reisinger and Karczmarski (2010) 
Zanzibar South 212 (e: 95% CI  163-260) Öhman  (2010) 
Zanzibar North 52***  This study / Öhman  (2010) 
Mikura 160 (e: N/A) Kogia et al. (2004) 
Jervis Bay 103 (e: N/A) Moller and Harcourt (1998) 
 
 
Table A14e: Group size, associated errors in estimation and source for 9 populations of bottlenose 
dolphins. 
Population Average group size Source 
Florida 7 Scott et al.  (1990) 
Scotland West Coast 8.5 (range 2-18) Pers. comm. Thompson and Cheney (2010) 
Scotland East Coast 8 (range 1-46) Pers. comm. Thompson and Cheney (2010) 
Doubtful Sound 17.2 (e: median=14,mode=8) Lusseau et al. (2003) 
Plettenberg Bay 129 (e: ± SD 90.4) This study 
Zanzibar South 14.7 (e: ± SD 13.2) This study 
Zanzibar North 20.6 (e: ± SD 13.1) This study 
Mikura 23.6 (e: ± SD 19.7) Pers. comm., Morisaka (2008)  / This study 
Jervis Bay 15.3 (e: ±SD 14.2) Moller and Harcourt (1998) 
 
 
Table A14 f: Index of con-specific jamming for 9 populations of bottlenose dolphins 
Population Con-specific jamming Source 
Florida 0.15 (±SD 0.44) This study 
Scotland West Coast 0.14 (±SD 0.41) This study 
Scotland East Coast 0.33 (±SD 0.68) This study 
Doubtful Sound 0.40 (±SD 0.78) This study 
Plettenberg Bay 0.71 (±SD 0.99) This study 
Zanzibar South 0.31 (±SD 0.68) This study 
Zanzibar North 0.36 (±SD 0.68) This study 
Mikura 0.37 (±SD 0.72) This study 
Jervis Bay 0.43 (±SD 0.92) This study 
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